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ABSTRACT 

The primary objective of this thesis was to better understand the population biology and fishery 

of southern calamary, Sepioteuthis australis, in Gulf St. Vincent, South Australia, which 

accounts for over 40% of the total reported Australian catch, to facilitate management of this 

important natural resource. Towards this end, population structure was determined across the 

species range, and patterns of distribution, abundance, growth, reproductive biology and 

recruitment were described at several localities within Gulf St. Vincent. 

 

Three genetic types were found across southern Australasia, comprising two parental taxa that 

seemed to mate at random where they co-existed to form infertile hybrids. In Gulf St. Vincent, 

there was one genetic type with no evidence of population substructuring. This meant that the 

subsequent biological studies were focussed on a single stock. 

 

Southern calamary were ubiquitous throughout Gulf St. Vincent, but were unevenly dispersed 

with respect to size, age and sexual maturity. Newly-hatched individuals and mature adults 

dominated waters of <10 m in depth, whilst deeper, offshore waters were occupied by juveniles 

and sub-adults. The abundance of adults varied in a sequential, systematic way that conformed to 

an anti-clockwise progression around the gulf, being most abundant in the south east in summer, 

in the north in the following autumn, and in the south-west by winter.  

 

The growth and longevity of 910 individuals were determined from estimates of age derived 

from counts of microincrements in statoliths. Males grew faster and attained a larger maximum 

size than females. Growth varied with season of hatch and amongst localities. The maximum age 

was 284 days, suggesting that southern calamary were most likely an annual species. This also 

indicated that location-specific spawning aggregations that form at the same time in each year, 

consist of a single generation of individuals. Spawning activity reflected the abundance of 

mature adults, and thus also varied spatially and temporally around the gulf. It was hypothesised 

that the environmental influence here was the requirement for clear water to facilitate mating.  

 

The resulting year-round spawning might be a bet-hedging mechanism that reduces the risk of 

recruitment failure. 
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CHAPTER 1:  GENERAL INTRODUCTION 

The pressure on fishery resources around the world continues to increase because of the 

increasing human population, consumer demand for fish and technological advances in fishing 

equipment. Testament to this is that in 1993, 69% of fish stocks were classified as fully 

exploited, overfished, depleted, or rebuilding from previous overfishing (FAO 1995). The 

overexploitation of fishery resources has both important social consequences and ecological 

effects. An immediate impact is the loss of revenue from the fishery and the ancillary jobs 

associated with the industry, including those in processing, packing, and distribution of the 

products (Iudicello et al. 1999). A longer-term impact is social dislocation due to loss of jobs.  

 

1.1 Fishing down the food web 

Overfishing also causes long term changes to ecosystem structure. Under high fishing pressure, 

stocks of long-lived, high trophic-level, predatory fish such as gadids and flounders have 

declined, with a particular loss of the larger, older individuals (Pauly et al. 1998). As a result, 

there has been a decline in predation by such large predatory fish on larger prey such as low 

trophic-level cephalopods and planktivorous pelagic fish (Smale 1996). Thus, there is strong 

circumstantial evidence that the decline in biomass of predatory fish has resulted in an increase 

in the biomass of cephalopods (Caddy and Rodhouse 1998). Reported annual landings of 

cephalopods have increased by 78% from 1987 to 1994 (FAO 1995), and would in fact be much 

higher if unrecorded artisanal fisheries were included. This increase in cephalopod catch has 

been highest in the regions where the decline of predatory fish has been greatest (Caddy and 

Rodhouse 1998). The gradual shift in the commercial catch, and by implication, the biomass and 

productivity, from long-lived, high trophic-level to short-lived, low trophic-level species is 

commonly described as “fishing down the food web” (Pauly et al. 1998). If fishing pressure on 

large predatory fish remains high, this shift in trophic level is likely to continue for two reasons. 

Firstly, the shorter life-cycle and rapid turnover of cephalopods means that they can easily out-

compete longer-lived species that take longer to reach sexual maturity and thus have lower 

possibility of spawning and replacement. Secondly, the cephalopods feed on the larval, juvenile 

and small adult phases of these predatory fish (Rodhouse and Nigmatullin 1996), thus possibly 

limiting the recruitment to their populations (Ehrhardt 1991). These dramatic changes in 

ecosystem structure show that overexploitation of fishery resources can have serious ecological 

consequences. For this reason, fishery scientists and managers need to pay more attention to the 

cephalopod fisheries that are assuming far greater importance around the world. 
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1.2 Vulnerability of cephalopods to overexploitation  

Despite the shorter life-cycle and rapid turnover of cephalopods, their populations are still 

vulnerable to collapse through recruitment failure. Unlike most fish species, which tend to have 

a buffer against inter-annual recruitment fluctuations in the presence of numerous year-classes in 

the spawning biomass (Fogarty et al. 1991), most cephalopod populations only have a single 

spawning generation (Caddy 1983; Boyle and Boletzky 1996). Therefore, if a generation fails to 

spawn, recruitment failure and population collapse will likely occur. For instance, heavy fishing 

pressure has contributed to the collapse of the fisheries for Illex illecebrosus and Todarodes 

pacificus in the North-West Atlantic and North-West Pacific Oceans, respectively (Dawe and 

Warren 1993).  

 

Fishery management must ensure the sustainable production of stocks over time, preferably 

through the regulatory and enhancement actions that promote economic and social well-being of 

the fisher and industries that use the production (Hilborn and Walters 1992). To achieve 

sustainability, management must design, justify and administer a collection of restraints on 

fishing activities (Hilborn and Walters 1992). Ideally, this would be based on numerical models 

that utilise estimates of population size and key life-history parameters to determine the capacity 

of stocks to sustain various exploitation strategies. Unfortunately, for most species of 

cephalopods, this is simply not yet possible due to the lack of information on the biology and 

population dynamics.  

 

Adding to the problem of preventing recruitment failure is the difficulty in assessing the status of 

cephalopod stocks. Catch and effort data are sparse and fragmentary for almost all cephalopod 

fisheries (Rosenberg et al. 1990; Boyle and Boletzky 1996). Even when such data are available, 

the breakdown of commercial catches into those of cuttlefish, octopus and squid is seldom 

available, let alone down to the level of the individual species. Problems also arise from the 

species-specific ecological features of cephalopods (Chikuni 1983), which include the 

complexity of stocks and races, their intermingling and highly mobile nature in both horizontal 

and vertical space, strong aggregative behaviour during spawning and feeding periods, high 

interannual variability and short life-spans (Caddy 1983; Boyle and Boletzky 1996). Such 

characteristics affect the availability of squid to fishing, which generally means it is difficult to 

obtain apposite catch and effort data. 
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In the absence of a reliable estimate of population size, valuable insights into the biology and 

population dynamics of an exploited species can be gained by determining the demographic 

processes that influence the biomass (B) of the stock (King 1995). The number of individuals or 

total biomass of a stock increases through reproduction of adults, which results in recruitment 

into the stock (R). The biomass also increases by the growth of individuals (G). Concomitant 

with these increases, the biomass is reduced by natural mortality (M) and, for exploited species, 

by fishing mortality (F). Thus, a general population model for change in biomass is Bi + 1 = Bi + 

(R + G) – (M + F), where Bi is the total biomass in year i. The influences of physical and biotic 

environmental factors are included in the model through their effects on growth and survival. 

The biotic environment can influence the biological processes for single species, while the 

physical environment can influence the complete community and all its processes (King 1995).  

 

From a fisheries assessment and management viewpoint, it is also important to determine the 

population stock structure, i.e. the spatial distribution of self-recruiting stocks (Carvalho and 

Hauser 1994). This refers to whether local stocks are sufficiently connected to be regarded as a 

single unit stock, or independent enough to be separate unit stocks (King 1995).  

 

1.3 The southern calamary, Sepioteuthis australis (Quoy and Gaimard 1832) 

Like most regions throughout the world, the rate of increase in landings of cephalopods over the 

last decade in the South-West Pacific Ocean far exceeds that of long-lived, higher trophic-level 

species such as the groundfish (Fig. 5 in Caddy and Rodhouse 1998). The cephalopod catch has 

also increased in Australia, although to a less extent (McNee 1993). The two most valuable 

cephalopod resources of Australia are Gould’s squid (Nototodarus gouldii) and the southern 

calamary (Sepioteuthis australis), both of which are found in the cooler temperate waters of 

southern Australia (McNee 1993). The latter belongs to the squid family Loliginidae and is 

endemic to the waters of southern Australian and northern New Zealand, where it mostly 

inhabits coastal waters and bays, usually to depths of less than 50 m (Winstanley et al. 1983) 

(Fig. 1.1).  

 

Southern calamary are the most common cephalopod species in these waters (Zeidler and Norris 

1989) and a key component of shallow, inshore ecosystems for two reasons. Firstly, they are 

eaten in large numbers by numerous predatory species that are targeted by both the commercial 

and recreational sectors of southern Australia, including bluefin tuna Thunnus macoyii, snapper 

Pagrus auratus and gummy shark Mustelus antarticus (Gales et al. 1994). They are also eaten 
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by important conservation species such as the Great white shark Carcharodon carcharias, 

Australian sea lion Neophoca cinerea and bottlenose dolphin Tursiops trancatus (Gales et al. 

1994; Kemper and Gibbs 1997). Secondly, southern calamary are an important predatory 

species, feeding heavily on juveniles and adults of numerous marine species, particularly 

crustaceans, molluscs and fish. Some of these, such as the Western king prawn Penaeus 

latisulcatus and pilchard Sardinops sagax, are important commercial species (Coleman 1984; 

Gales et al. 1994). 

 

 
 
Figure 1.1  Map of Australia and New Zealand showing the distribution of southern calamary (after Winstanley et al. 

1983). Inset shows part of the South Australian coastline, identifying the 3 main fishery regions. 
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1.3.1 Description of the southern calamary fishery 

Southern calamary are the basis of a relatively new fishery in southern Australia, with over 80% 

of the national catch taken in the waters of the state of South Australia (McNee 1993). In this 

state, they are taken by 3 different fishing sectors. Adults are heavily targeted by the commercial 

and recreational sectors in the shallow, inshore waters, whilst juveniles and sub-adults are 

incidentally taken as by-catch by prawn trawlers that operate in the deeper waters of Gulf St. 

Vincent, Spencer Gulf and the Far West Coast (Smith 1983). A small proportion of this by-catch 

is kept and sold commercially.  

 
Commercial sector 

Annual landings of the commercial sector peaked in 1998 at 436 t (Fig. 1.2). This catch was 

worth $2.04 million (Triantafillos and Fowler 2000). In the following year, the catch fell for the 

first time since 1992. Although adult southern calamary are taken by the commercial sector 

using a variety of methods, most of the catch is taken by trolling jigs and haul nets (Table 1.1).  

 

Figure 1.2  Annual landings and targeted fishing effort in South Australia for the commercial southern calamary 

fishery since 1984. In this figure, targeted fishing effort is shown as a line. 
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Table 1.1  Southern calamary catch taken by the commercial and recreational sectors from 3 fishery regions of South 

Australia between April 1994 and March 1996. 

 

  Commercial catch (t) 

Fishing region Sampling period Jigging Haul nets Other 

Recreational 

catch (t) 

Recreational 

share (%) 

Gulf St. Vincent April 1994 - March 1995 104.2 65 5.1 42.4 19.6 

Spencer Gulf April 1995 - March 1996 111.7 45.3 4.2 36.9 18.6 

West Coast April 1995 - March 1996 17.7 0 0.4 3.5 16.2 

 

Recreational Sector 

Recreational fishers catch southern calamary using a variety of techniques, including jigging, 

poling and dab netting (Triantafillos 1997). A survey found that 11.4% of the total recreational 

boat fishing effort (196,000 boat days) in South Australia during April 1994 and March 1996 

was directed at southern calamary, making it the third most heavily targeted species by 

recreational fishers (McGlennon and Kinloch 1997). Nevertheless, this estimate of recreational 

effort was an underestimate, as it did not include fishing effort from jetties and other shore-based 

platforms. Such effort is extremely high for this species, particularly on the east coast of Gulf St. 

Vincent. The state-wide recreational boat harvest of southern calamary during the period April 

1994 and March 1996 was estimated at 82.8 tonnes (McGlennon and Kinloch 1997), with most 

coming from Gulf St. Vincent and Spencer Gulf (Table 1.1). This recreational catch accounted 

for 18.7% of the total southern calamary catch across the state.  

 
By-catch of prawn sector 

It was estimated that the South Australian prawn trawl fleet took 134 tonnes of southern 

calamary as by-catch from Gulf St. Vincent and Spencer Gulf between October 1978 and May 

1979 (Smith 1983). This estimate was based on sampling by a single research vessel and 

multiplying its catch rate by the number of hours fished by the South Australian prawn fleet. 

This by-catch equated to over 3 million individuals (Triantafillos 1997). Since 1978/79, the 

number of hours fished by this trawl fleet has decreased by over 40%, and so the number of 

individuals removed by this sector in recent years is likely to have dropped. This is also likely to 

be the case because technological advances such as colour echo sounders and global positioning 

systems have made it easier to target prawns and avoid areas of high by-catch of other species 

(Neil Carrick, SARDI Aquatic Sciences, pers. comm.). 
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1.3.2 Is the southern calamary fishery under threat? 

Like most other cephalopod species, very little is known about the population biology or ecology 

of this species in South Australia other than a description of population genetic structure 

(Triantafillos and Adams, 2001), the location of some spawning grounds (Zeidler and Norris 

1989), and a broad description of the patterns of distribution and abundance in Gulf St. Vincent, 

Spencer Gulf and the Far West Coast (Smith 1983; Triantafillos 1997, 1998, 1999; Triantafillos 

and Fowler 2000). Clearly, a better understanding of the life-history and population biology is 

needed for informed management of this fishery. Some information is available on the 

reproduction and growth of southern calamary in Tasmania, New South Wales (Pecl 2000; 

2001), Western Australia and New Zealand (Triantafillos, submitted), but it is not known if these 

findings are applicable to South Australia because, in general, cephalopods display large 

differences in growth and reproductive biology over relatively small spatial scales (e.g. Illex 

argentinus, Arkhipkin and Laptikhovsky 1994; Loligo forbesi, Boyle and Ngoile 1993a; 1993b). 

 

In South Australia, southern calamary are managed as part of the Marine Scalefish Fishery 

(MSF). Over the last three decades, numerous management strategies have been introduced to 

limit fishing effort in this multi-species fishery, including license limitations and amalgamation 

schemes (Kumar et al. 1995). Additional input controls apply specifically to the haul net sector 

of the MSF. Some areas, such as metropolitan Adelaide are closed permanently to net fishing, 

whilst other areas are closed on a seasonal basis. These regulations were not directed specifically 

at limiting fishing effort on southern calamary, but were introduced to protect other marine 

scalefish species taken by haul nets. Currently, there are no regulations directed specifically at 

limiting the catch and effort of commercial fishers in South Australia or the incidental catch of 

southern calamary by the various trawl fisheries. Consequently, the doubling in catches of the 

former over the last decade (Fig. 1.2), and signs of localised depletions (Triantafillos 1998; 

1999) has raised considerable concern that the parental stock may become depleted and result in 

a recruitment failure. This risk is exacerbated by the general lack of overlapping generations, 

relatively low fecundity, high inter-annual variability in recruitment of most loliginids (Boyle 

and Boletzky 1996), and that most southern calamary are caught on spawning aggregations 

(Zeidler and Norris 1989). For this reason, there is an urgent need to determine the status of 

southern calamary stocks in South Australia, and to utilise this information to help implement 

management strategies that will ensure the long-term sustainability of the resource. Unless 

fishing effort is set at a level where the fishery catch is sustainable soon, the resource and the 

commercial viability of the industry, along with shallow, inshore ecosystems are at risk.  
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1.4 Aims and Objectives 

The primary aim of this study was to better understand the population biology and fishery of 

southern calamary in Gulf St. Vincent, South Australia. Achievement of this aim will facilitate 

fishery management by helping evaluate the effects of fishing on the stocks. Emphasis was given 

to obtaining estimates of demographic parameters that ultimately determine stock size. This 

thesis is organised into five data chapters (Chapters 3-7), as well as a general discussion 

(Chapter 7). The specific objectives addressed in each of the data chapters are outlined below. 
 

Chapter 3: Population Genetic Structure 

In this chapter, the taxonomic status and the population genetic structure of Sepioteuthis was 

determined using a combination of molecular and morphological techniques. Samples were 

collected across the broad geographic range of the species. This chapter also forms the majority 

of a paper recently published in Marine Ecology Progress Series (Volume 212, pages 193-209).  
 

Chapter 4: Patterns of Distribution and Abundance 

In this chapter, the spatial scale of consideration was reduced from the geographic to the regional 

level as I described the patterns of spatial and temporal patterns of distribution and abundance in 

an important fishery region. In the following chapters, the processes responsible for these 

patterns were considered for the same fishery region. 
 

Chapter 5: Age and Growth 

The patterns of growth were determined based on estimates of length, total weight and age.  
 

Chapter 6: Reproductive Biology 

Aspects of reproductive biology of southern calamary were determined. 
 

Chapter 7: Patterns of Recruitment  

Recruitment patterns, and their relation with substratum type, weather conditions, behaviour, 

fishing activity and stock biomass were described. 
 

Chapter 8: General Discussion 

Based on the findings, a conceptual model describing the life-history of southern calamary in 

Gulf St. Vincent was presented. This chapter also discussed the implications these findings have 

for the management of the fishery on this species in South Australia. 
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CHAPTER 2:  GENERAL MATERIALS AND METHODS 

2.1 Study Area 

Whilst southern calamary occur throughout the shallow inshore waters of southern Australia and 

northern New Zealand (Winstanley et al. 1983), this study was restricted to Gulf St. Vincent 

because: 

• over half of the southern calamary landed in South Australia by the commercial and 

recreational sectors were taken in this gulf, making it the most important fishery region 

for southern calamary in South Australia (Triantafillos 1997); 

• the inshore waters of this gulf are one of the principal spawning grounds for southern 

calamary in South Australia (Zeidler and Norris 1989); 

• it is the only region in South Australia where it was possible to obtain fresh, and not 

frozen, samples of juvenile and sub-adult southern calamary; 

• the research was based near Adelaide, which allowed access to the various sampling 

localities around the gulf. 

 

2.1.1 Gulf St. Vincent 

Gulf St. Vincent is 100km long and up to 45 km wide, covering an area of approximately 3000 

km2 (Fig. 2.1). Average depth is around 30 m, with a maximum depth of 45 m (Bye 1976). 

Kangaroo Island lies at the mouth of the gulf and serves to protect the Gulf from the large swells 

of the Southern Ocean. The island influences the hydrodynamics of the region, and helps to 

separate the waters of Gulf St. Vincent and the open ocean (Bye 1976). This protection, 

combined with restricted tidal movement (semi-diurnal tides have an average range of about 2 

metres), means it takes between 80 and 100 days for the gulf to be completely flushed (Noye and 

Grzechnik 1986). Water currents predominately move in a clockwise direction around the gulf 

(Noye and Grzechnik 1986).  

 

Gulf St. Vincent is an inverse estuary with salinity increasing towards the northern end (de Silva 

Samarasinghe and Lennon 1987). Seasonal surface water temperatures vary from 11ºC to 

25.9ºC, while salinities vary from 35.5 to 42.0 parts per thousand (de Silva Samarasinghe and 

Lennon 1987). Primary productivity in the gulf is dominated by vast and diverse assemblages of 

seagrass beds, particularly Posidonia spp. and Amphibolis spp. (Womersley and Edmonds 1958; 

Shepherd and Sprigg 1976; Edyvane 1999).  
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The principal localities used in this study were as follows:  

 
Myponga 

Encompassed all waters <10 m from 138º 16’ E, 35º 07’ S to 138º 28’ E, 35º 25’ S (Fig. 2.1). 

The bottom topography of this locality supported large beds of Amphibolis spp. that extended 

from near the low water mark to at least the 15m-depth contour. On the periphery of these beds 

of Amphibolis spp. were prominent sea floor eminences and rough bottom topography, which 

provided an excellent substrate for a rich variety of macroalgae, sponges, reef molluscs and other 

benthic organisms (Womersley and Edmonds 1958; Edyvane 1999). The most common 

macroalgae found on these eminences included Cystophora spp., Ecklonia spp. and Sargassum 

spp. (Edyvane 1999). The main fishing grounds for southern calamary were found within the 

first few hundred metres from the shoreline, in waters <5 m in depth. Wave energies were 

predominately moderate, but increased to high in the winter (Womersley and Thomas 1976). 

 
Glenelg 

Included all waters <8 m between 138º 29’ E, 34º 57’ S and 138º 30’ E, 35º 04’ S (Fig. 2.1). The 

bottom topography of Glenelg was very similar to Myponga, but had fewer large beds of 

Amphibolis spp. and less prominent sea floor eminences (Womersley and Edmonds 1958; 

Edyvane 1999). The most common macroalgae found on these eminences were Cystophora spp., 

Ecklonia spp. and Sargassum spp. (Shepherd and Sprigg 1976; Edyvane 1999). Some seagrass 

meadows had been severely degraded due to effluent and stormwater discharges (Shepherd and 

Sprigg 1976; Edyvane 1999). The main fishing grounds were found within the first kilometre 

from the shoreline and this locality experienced predominately moderate wave energies.  

 
Black Point 

Encompassed all waters <5 m from 137º 52’ E, 34º 32’ S to 137º 51’ E, 34º 48’ S, including 2 

large sand bars that extended up to 4 km offshore (in a northeast direction) (Fig. 2.1). Posidonia 

spp. was the dominant seagrass at this locality, whilst stands of Amphibolis spp. were 

occasionally found on the sand bars, or as a fringe bordering the shallow or shoreward side of a 

Posidonia spp. meadow (Shepherd and Sprigg 1976; Edyvane 1999). Black Point was typified 

by low to very low wave energies and had the least hard bottom of the four inshore localities 

(Shepherd and Sprigg 1976; Edyvane 1999). Areas of hard bottom were dominated by species of 

Cystophora and Sargassum. The main fishing grounds were found between 0.5-2 kilometres 

from the shoreline, in waters ranging between 3 and 4 m in depth. 
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Figure 2.1  Map of Gulf St. Vincent and Spencer Gulf showing the 5 localities (shaded) used in this study. The four 

inshore localities are enlarged (after Edyvane 1999).  
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Stansbury 

Included all waters <8 m between 137º 42’ E, 34º 53’ S and 137º 47’ E, 35º 03’ S (Fig. 2.1). 

Sandy areas were dominated by Posidonia spp. and Halophila spp., but there were several large 

beds of Amphibolis spp. in the south. The flat rocky surfaces of an extensive seagrass-reef shoal 

system that extended out to the 15 m-depth contour system provided excellent habitats for a 

diversity of marine life, including sponges, ascidians and reef molluscs. These surfaces were 

covered by Cystophora spp., Ecklonia spp. and Sargassum spp. (Edyvane 1999). Stansbury was 

typified by low wave energies, whilst productivity was enhanced by strong tidal currents 

(Edyvane 1999). The main fishing grounds were found up to 7 km from the shoreline, in waters 

ranging between 4-6 m in depth. 

 
Middle 

Included all waters from 34º 40’ S to 35º 37’ S that were greater than 20 m in depth (Fig. 2.1). 

The substrata in the deep parts of the gulf consisted mostly of sand and soft sediments (Shepherd 

and Sprigg 1976), and faunas dominated by bivalves (e.g. scallops), bryozoans, ascidians and 

holothurians (Edyvane 1999).  

 

2.2 Temporal organization of fieldwork 

Most data collected in this study was derived from field-collected specimens from several 

sampling programs. Some programs involved regular sampling throughout the study, whilst 

others involved more focussed once-off sampling. The 4 inshore localities, Myponga, Glenelg, 

Black Point and Stansbury, were sampled on a monthly basis when weather was permitting. 

Sampling at Black Point and Stansbury was terminated after 12 and 24 months, respectively, due 

to financial and time constraints, although occasional trips were made to count egg mops. 

Sampling at Myponga lasted between October 1996 and April 1999, while at Glenelg it 

commenced in January 1996 and ended in February 1999. All sampling trips to these inshore 

localities commenced prior to sunrise and lasted between 6-14 hrs, but typically between 8-10 

hrs. Time spent catching southern calamary (+ 15 minutes) and the number of jigs used was 

recorded for each trip, as were wave condition and water clarity. If the water clarity was less 

than 10 m, or the winds were too strong to drift (>15 knots), the collection trip was abandoned. 

An independent observer working on a Gulf St. Vincent prawn trawler provided most samples 

from the offshore locality Middle. As this fishery only operates from November to May, these 

samples could only be collected during these months. Sampling at this locality began in 

November 1996 and ended in February 1999. 
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2.3 Sampling gear and methodology 

Southern calamary taken from the 4 inshore localities were all caught using artificial hand-jigs, 

which resembled prawns or fish. These jigs were trolled from a 5-6.5 m fibreglass or aluminium-

planing vessel, whilst drifting (see Rathjen 1991). All captured southern calamary were stored 

on ice within one hour of capture and examined within 24 hours. Haul nets were not utilised in 

this study because they could not be used at Glenelg or Myponga. A comparison between 

catches landed by haul nets (mean n = 102 individuals) and jigs (mean n = 91 individuals) at 

Stansbury in 1997 on three separate occasions, revealed no obvious differences in length-

frequency, sex ratio or maturity levels between these sampling gears. This supported earlier 

work, which found no significant difference in the size frequency or sexual maturity of jigged 

southern calamary and those caught by haul nets (Smith 1983).  

 

Most samples from Middle were collected from prawn trawlers operating in the offshore waters 

of Gulf St. Vincent. Prawn trawls were typically towed during the night at depths of 20-45 m 

using a bottom net (standard twin rig) with a vertical opening of 8 m. Until September 1997, all 

prawn trawlers employed a standard twin rig with a 20 mm cod end (diamond mesh). After this, 

all trawlers converted to a cod end with 20 mm square mesh, resulting in an increase in the size 

of the smallest calamary caught from 38 mm to 51 mm ML (Triantafillos, unpublished data). 

Another two samples from Middle were caught from the research vessel Ngerin using an otter 

trawl (vertical opening of 8 m, mesh size 60 mm and cod end mesh of 12 mm) at a depth of 20 

m. All trawl samples were stored in a bucket on deck overnight and processed the next day, with 

two exceptions. These were stored in a -4ºC freezer for two days before being processed.  

 

Each individual collected in this study was measured for dorsal mantle length (+ 1 mm), 

weighed to the nearest 0.1 gram and assigned a macroscopic maturity stage based largely on the 

criteria of Lipinski's (1979) maturity scale. This scale is described in full in Chapter 6. 
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2.4 Terminology and abbreviations 

Dorsal mantle length (DML):  measured from the anterior tip of the mantle to the posterior tip 

    (to the nearest millimetre). 

Newly hatched individuals:  animals that were less than 30 mm DML in size. 

Juveniles:    animals that typically ranged in size between 31 mm and 150 

    mm DML and showed no signs of sexual maturity. 

Sub-adults:    animals that were typically >150 mm DML in size and were 

    sexually immature (i.e. stage I to III). 

Adults:     individuals that were sexually mature. 

Egg mop:    a collection of finger like gelatinous cases, with each case 

    containing up to seven embryos.  

Spawning activity:   females were depositing egg mops in the local area.  

Spawning bed:    a small area in which egg mops were deposited.  

 

2.5 Statistical methods 

All statistical tests were done using the SPSS statistical software package (version 10.1, SPSS 

Institute Inc., Berkely, CA.). The level of significance was set at 0.05 and all tests were two-

tailed, unless otherwise indicated. For multiple tests, the significance level of all comparisons 

was adjusted to control Type 1 errors using the Bonferonni technique (Rice 1989). Prior to 

analysis, data were tested for homogeneity of variances using Bartlett’s test, or by plotting a 

box-and-whiskers plot. When variances were heterogeneous, a ln (x + 1) transformation was 

used to stabilise the variance and normalise the distribution (Sokal and Rohlf 1995).  

 

The level of significance of results of analyses were indicated throughout the text by the 

following schema: ns = not significant as P>0.05; * = P <0.05; ** = P <0.01; and *** P <0.001. 

Where an analysis of variance gave a significant result, Least Significance Difference (LSD) 

tests were used to compare amongst means. Results of LSD tests were indicated in two ways: in 

tables:-means were not significantly different when they shared the same underline; in figures:-

they did not differ significantly when they shared the same letter. 

 

To test for concordance in the ranks of means, Kendall’s Coefficient of Variation (W) was 

calculated and tested by calculating a χ2 value from W and comparing with χ2 tables (Zar 1984). 
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CHAPTER 3:  POPULATION GENETIC STRUCTURE 

3.1 Introduction 

From a fisheries assessment and management perspective, it is important to determine whether 

adjacent stocks are sufficiently connected to be regarded as a single unit stock, or independent 

enough to be separate unit stocks (Carvalho and Hauser 1994). Like many other squid species, 

southern calamary are strong swimmers and therefore have the potential for long distance 

dispersal (Zeidler and Norris 1989). Despite this potential, tagging studies have revealed only 

limited migration (Smith 1983; Triantafillos 1998). Nevertheless, such results have to be treated 

with some caution, as recent captivity trials have found that the average life expectancy of 

southern calamary, once tagged, is less than a few weeks (Triantafillos, unpublished data). No 

other documented information on population structure is available for the species. Clearly, more 

information is required for any informed management of the fishery, be it at the local or 

distributional level. 

 

Molecular genetic studies have demonstrated a high incidence of cryptic species in squid 

(Augustyn and Grant 1988; Brierley et al. 1993; Izuka et al. 1996), revealing taxa that are not 

routinely detectable using traditional approaches. For example, four species of Photololigo were 

identified off northern Australia using allozyme electrophoresis after a detailed morphological 

study had revealed only two (Yeatman and Benzie 1994). Consequently, any ecological studies 

applied to cephalopods prior to the availability of molecular systematic evidence should be 

treated with caution, since they possibly involved sample sets that were composites of two or 

more species.  

 

Clearly, there is a need for molecular genetic data at the outset of any detailed study of stock 

structure for cephalopods. Of the many molecular techniques available, allozyme electrophoresis 

is still one of the most appropriate for an initial assessment of species boundaries and population 

structure (Avise 1994; Hillis et al. 1996). The ability to provide a rapid and comparatively 

inexpensive survey of a large number of individuals for a wide range of independent nuclear 

genetic markers makes allozyme data ideal for an examination of species boundaries. In 

addition, the same data can also provide some insight into the population genetic structure of 

stocks (Ihssen et al. 1981; Ryman and Utter 1987). Allozyme data have already proved useful 

for assessing intraspecific differentiation for a number of economically important cephalopod 

species (e.g. Todarodes pacificus Katugin 1995).  
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With reference to southern calamary, another systematic issue emerges. As well as the more 

general consideration of cryptic species, there is a need to address the status of the broadfin 

squid Sepioteuthis bilineata (Quoy and Gaimard 1832) from Western Port, Victoria. A 

morphological study by Lu and Tait (1983) concluded that the two named types were 

conspecific. The validity of this conclusion could be independently assessed with allozyme data. 

 

The work described in this chapter used a combination of molecular and morphological 

techniques to provide insight into two overlapping areas of systematic interest for the southern 

calamary. The first was to clarify the taxonomic status of Sepioteuthis throughout southern 

Australia and northern New Zealand. The second, and more important, objective was to identify 

the population genetic structure of southern calamary in southern Australasia.  

 

Both objectives were achieved using a variety of techniques including allozyme electrophoresis, 

mitochondrial DNA (mtDNA) sequencing, and limited analyses of morphological characters and 

reproductive condition. 
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3.2 Materials and Methods 

3.2.1 Sample collection 

Samples of southern calamary were collected from 16 sites along the coast of southern Australia 

and northern New Zealand between October 1995 and January 1998 using a variety of 

techniques (Fig. 3.1; Table 3.1). Distances between sites ranged from 30-5500km. In addition, 3 

sites were represented by replicate sample sets, two temporal (Pearson Island and Albany) and 

one spatial (Coles Bay; Table 3.1). Both the temporal replicates were collected within 16 months 

of the original collection date. The spatial replicate was collected on the same day, from a 

location less than 5 kilometres from the initial site. Soon after collection, a piece of tentacle 

tissue was removed from each individual and frozen in liquid nitrogen. Tissues samples were 

returned to the laboratory and stored at –80oC, pending genetic analysis.  

 

 
 
Figure 3.1  Map of Australia and New Zealand showing the collection sites of southern calamary used in the analysis 

of population genetic structure. 
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Table 3.1  Details of sample sets used in the electrophoretic study. n is sample size. Three replicate sample sets are 

present: WA2a-WA2b and SA4a-SA4b = same place, different time; TASa-TASb = same time, ~5km apart. (*Sites 

included in overview study; #one animal included in mtDNA study; numbers in brackets refer to the number of 

specimens opportunistically frozen for detailed morphological analysis).  

 
 

Sample set 

 

Code 

 

Date caught 

 

 n 

 

Peripheral (P) 

Genetic Type 

  Hybrid (H) 

 

Central (C) 

Perth, WA  WA1* 1/8/96 50     50#    -     - 

Albany 96, WA WA2a 29/10/96 40    14 (7)    18 (12)     8# (6) 

Albany 98, WA WA2b 26/1/98 42    27 (27)    14 (14)     1  (1) 

Esperance, WA WA3 24/1/98 34    11 (11)    21 (21)     2  (2) 

St Francis Island, SA SA1* 6/5/96 33    -    7     26 

Franklin Island, SA SA2* 7/5/96 31    -    6      25 (7) 

Flinders Island, SA SA3* 5/5/96 18    2    2     14 

Pearson Island 96, SA SA4a* 4/5/96 27    2    11     14# 

Pearson Island 97, SA SA4b 14/5/97 30    -    5     25 

Port Lincoln, SA SA5 2/5/96 52    -    -     52# 

Wedge Island, SA SA6* 1/4/96 51    1    -     50 

Kangaroo Island, SA SA7 18/4/97 35    -    -     35 (15) 

Glenelg, SA SA8* 30/1/96 50    -    1     49# 

Myponga, SA SA9* 6/2/96 50    -    -     50 (10) 

Coles Bay, TAS TASa* 9/1/96 50    -    1     49# 

Hazards Beach, TAS TASb 9/1/96 50    -    1     49 

Eden, NSW NSW1 4/9/96 30    5    10     15# 

Newcastle, NSW NSW2* 14/10/95 50    48#    2     - 

New Zealand NZ 4/11/97 34    21    12     1 

   TOTAL 757    181 (45)    111 (47)     465 (41) 

 

With the exception of the sample sets from Perth, Coles Bay, Hazards Beach, and Eden, as well 

as some individuals from Albany, Pearson Island, and New Zealand, all southern calamary (n = 

456) were described for three basic parameters, DML, gender, and stage of sexual maturity. 

DML was measured to the nearest millimetre whilst sexual maturity and gender were assigned in 

accordance with the maturity scale described in Chapter 6, with stages IV, V or VI considered 

mature. The bodies of 133 animals from Esperance, Kangaroo Island, Myponga Beach, Franklin 

Island and Albany were opportunistically kept for a more detailed morphological examination 

(Table 3.1). These were stored in individually labelled plastic bags at –30oC.  
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3.2.2 Allozyme electrophoresis  

The allozyme study was carried out in two different stages. In an initial overview study, 58 

southern calamary, i.e. 3 to 6 animals from each of 10 sites from throughout southern Australia 

(Table 3.1) were examined for allozyme variation at a large number of enzyme loci. An 

additional 10 animals from the New Zealand sample set were also screened for all loci, once 

they became available near the completion of the study. The aims of this overview study were 

fourfold:  

1. to assess the evidence for cryptic taxa/species; 

2. to identify polymorphic loci suitable for determining population structure;  

3. to find electrophoretic conditions under which allozyme genotypes at these polymorphic 

loci could be readily assigned to individuals; and  

4. to set sample sizes for the second stage of analysis based on preliminary allozyme 

frequencies.  

 

Given that enough polymorphic loci were found in the overview study to warrant assessment of 

population structure (Richardson et al. 1986), a second stage of allozyme analysis was 

undertaken. Here, a large number of animals from all 16 sample sites (Table 3.1, Figure 3.1) 

were genotyped at the polymorphic loci. Based on the overview study, the optimum sample size 

was set at 50 individuals per sample set, although this could not always be achieved. Allozyme 

electrophoresis was conducted according to the principles and procedures outlined in Richardson 

et al. (1986). Tissues were homogenized by sonication in 2 volumes of homogenizing solution 

(deionised water containing 0.2% 2-mercaptoethanol and 0.2mg mL-1 NADP). The following 

enzymes or non-enzymatic proteins were interpretable in the overview study:- aconitase 

hydratase (ACON, EC 4.2.1.3), aminoacylase (ACYC, EC 3.5.1.14), adenosine deaminase 

(ADA, EC 3.5.4.4), alcohol dehydrogenase (ADH, EC 1.1.1.1), fructose-bisphosphate aldolase 

(ALD, EC 4.1.2.13), aldehyde dehydrogenase (ALDH, EC 1.2.1.5), alkaline phosphatase (AP, 

EC 3.1.3.1), arginine kinase (ARGK, EC 2.7.3.3), carbonate dehydratase (CA, EC 4.2.1.1), 

diaphorase (DIA, EC 1.6.99), enolase (ENOL, EC 4.2.1.11), esterase (EST, EC 3.1.1), fructose-

bisphosphatase (FDP, EC 3.1.3.11), glyceraldehyde-3-phosphate dehydrogenase (GAPD, EC 

1.2.1.12), guanine deaminase (GDA, EC 3.5.4.3), glutamate dehydrogenase (GDH, EC 1.4.1.3), 

lactoylglutathione lyase (GLO, EC 4.4.1.5), aspartate aminotransferase (GOT, EC 2.6.1.1), 

general protein (GP), glucose-6-phosphate dehydrogenase (G6PD, EC 1.1.1.49), glycerol-3-

phosphate dehydrogenase (GPD, EC 1.1.1.8), glucose-6-phosphate isomerase (GPI, EC 5.3.1.9), 

alanine aminotransferase (GPT, EC 2.6.1.2), isocitrate dehydrogenase (IDH, EC 1.1.1.42), 
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cytosol aminopeptidase (LAP, EC 3.4.11.1), L-lactate dehydrogenase (LDH, EC 1.1.1.27), 

malate dehydrogenase (MDH, EC 1.1.1.37), "malic" enzyme (ME, EC 1.1.1.40), mannose-6-

phosphate isomerase (MPI, EC 5.3.1.8), nucleoside-diphosphate kinase (NDPK, EC 2.7.4.6), 

purine-nucleoside phosphorylase (NP, EC 2.4.2.1), dipeptidase (PEPA, EC 3.4.13; substrate val-

leu), tripeptide aminopeptidase (PEPB, EC 3.4.11; substrate leu-gly-gly), proline dipeptidase 

(PEPD, EC 3.4.13; substrate phe-pro), phosphoglycerate mutase (PGAM, EC 5.4.2.1), 

phosphogluconate dehydrogenase (6PGD, EC 1.1.1.44), phosphoglycerate kinase (PGK, EC 

2.7.2.3), phosphoglucomutase (PGM, EC 5.4.2.2), pyruvate kinase (PK, EC 2.7.1.40), L-iditol 

dehydrogenase (SORDH, EC 1.1.1.14), and triose-phosphate isomerase (TPI, EC 5.3.1.1). The 

nomenclature for referring to loci and allozymes followed Adams et al. (1987). 

 

The allozyme data were analysed for population structure using the computer program 

GENEPOP, version 3.1b (Raymond and Rousset 1995). All P values were adjusted to allow for 

multiple tests using the sequential Bonferroni technique (Rice 1989), applied separately for each 

locus and/or population combination, with an initial significance level of 0.05.  

 

F-statistics were calculated using the program DIPLOID (Weir 1990). The overall genetic 

differentiation between sample sets was calculated as Nei's unbiased measure of genetic distance 

(D), under the assumption that the loci monomorphic in the overview study were invariant in all 

sample sets (Nei 1978). These genetic distances were depicted diagrammatically as a 

dendrogram in which clustering was determined by the unweighted pair-group method algorithm 

(UPGMA) (Sokal and Sneath 1963).  

 

The results of the allozyme study indicated the need for additional biological characterisation of 

selected individuals and stocks of southern calamary. This was achieved through an assessment 

of variability in mtDNA sequence data, external morphology, and reproductive condition. As 

two of the key genetic groups could not be re-sampled locally, the morphological 

characterisations were only applied a posteriori to the 133 animals from the allozyme study that 

were preserved by freezing. Unfortunately, no further a posteriori examination of fertility was 

possible on these animals, as the reproductive tissues deteriorated after freezing. 
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3.2.3 Mitochondrial DNA  

Eight southern calamary from 7 sites were used in a pilot study of sequence variation in portions 

of the mitochondrial genes COII and COIII (Table 3.1). Both genes were chosen because of the 

ready availability of primers previously successful for a wide range of squid genera (Bonnaud et 

al. 1997). No specimens from New Zealand were included here because this sample set did not 

become available until near the end of the study, after the mtDNA sequencing had been 

undertaken. Sequence data for both genes were obtained from the same individual in all cases 

except for one sample from Newcastle, which resisted all attempts to sequence COII; an 

additional animal from this site was therefore used for COII analysis. A standard 

phenol/chloroform extraction procedure was used to isolate DNA (Sambrook et al. 1989).  

 

Polymerase chain reaction (PCR) amplification and sequencing was carried out for an 

approximately 400bp portion of COII and an approximately 700bp portion of COIII using two 

sets of oligonucleotide primers, namely COII1 (5'ATTGCTCTGCCTTCACTACG3') and COII2 

(5'CAAATTTCTGAGCATTGACC3'), plus COIII1 (5'AGCCCATGACCTTTA-ACAGG3') and 

COIII2 (5'GACTACATCAACAAAATGTCAGTATCA3') (Bonnaud et al. 1997). PCR 

reactions were carried out in 50 (l reaction volumes consisting of 1X Taq reaction buffer 

(Promega), 4mM MgCl2, 0.8mM dNTP's, 0.2mM of each primer, 0.75 units of Taq DNA 

polymerase (Promega) and 50-100ng of template DNA. Amplifications were carried out on a 

Corbett FTS 320 Thermal Sequencer under the following conditions: one cycle at 94ºC for 120s, 

48ºC for 45s, 72ºC for 80s; 34 cycles at 94ºC for 45s, 48ºC for 45s, 72ºC for 60s; one cycle at 

72ºC for 360s. PCR products were purified using Bresaclean and then cycle sequenced in 20 µl 

reaction volumes on a Corbett FTS1 Thermal Sequencer using ABI Prism© (Perkin Elmer) and 

procedures specified by the manufacturer.  

 

DNA sequences were determined using an ABI 373A auto-sequencer. DNA sequences were 

edited using SeqEdTM (Version 1.0.3, Applies Biosystem Inc.). Multiple sequence alignments 

were performed using Clustal V (Higgins et al. 1992). Aligned sequences of 912bp of combined 

COII (312bp) and COIII (600bp) for each individual (the Newcastle site being represented by 

the COII of one animal and the COIII of a second) were analysed in the phylogenetic analysis 

program PAUP (version 3.1.1, Swofford 1993). Trees were generated using maximum 

parsimony with a heuristic search option, with all sites weighted equally.  
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A COIII partial sequence of Sepioteuthis lessoniana (from Denham, Western Australia) was 

used as an outgroup in order to root the tree. Clade robustness was evaluated by bootstrapping 

over 500 pseudoreplicates. The program MEGA (Kumar et al. 1993) was used to determine the 

resulting amino acid sequence for each animal using the Drosophila mitochondrial genetic code, 

to ensure that there were no stop codons present which might indicate that a pseudogene had 

been amplified.  

 

3.2.4 A posteriori morphological characterisation  

A range of external morphological characters was initially surveyed on a handful of voucher 

specimens for the ability to distinguish the genetic groups evident from the allozyme study. Only 

one character, the number of denticles (teeth) on the largest suckers from the manus of the two 

tentacles, proved likely to be informative. Consequently, this character alone was measured on 

all the 133 individuals available for characterization. The three largest sucker rings from the 

manus of both tentacles were removed from each individual and viewed under 20x 

magnification. Sucker teeth were counted, and the internal diameter of the suckers measured 

using a graticule eyepiece and calibration slide. A univariate general linear model (SPSS; Type 

III sums of squares) was used to test for significant differences in sucker teeth counts between 

sexes, sites and genetic types. 
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3.3 Results 

3.3.1 Allozyme variation 

A total of 49 presumptive allozyme loci displayed interpretable banding patterns after 

histochemical staining. Thirteen loci displayed electrophoretic variation consistent with the 

existence of two or more alleles at a Mendelian gene. Of these loci, all except four (Enol, Got2, 

PepB, and 6Pgd) exhibited q > 10% in at least one sample set, and five (Dia, Fdp, Np1, PepD, 

Pgk) were polymorphic across the range, displaying an average of 4 alleles per locus (range 2-8 

alleles). Details of the 13 loci used as genetic markers in the final analysis, including 

electrophoretic conditions, are presented in Table 3.2. 

 
Table 3.2  Details of allozyme markers and their electrophoretic conditions used in the main screen.  

 
Marker Electrophoresis buffer Run time (m) Quaternary structure No. of 

alleles 

Dia 0.025M Tris-glycine pH 8.5 110 monomer 3 

Enol 0.02M Phosphates pH 7.0 135 dimer 3 

Fdp 0.015M Tris-EDTA-borate-MgCl2 pH 7.8 130 tetramer 2 

Got1 0.02M Phosphates pH 7.0 150 dimer 3 

Got2 0.02M Phosphates pH 7.0 150 dimer 3 

Idh 0.05M Tris-maleate pH 7.8 135 dimer 3 

Np1 0.02M Phosphates pH 7.0 120 trimer 5 

Np2 0.02M Phosphates pH 7.0 150 trimer 3 

PepB 0.02M Phosphates pH 7.0 160 monomer 3 

PepD 0.01M Citrate-phosphate pH 6.4 160 dimer 8 

6Pgd 0.02M Phosphates pH 7.0 135 dimer 3 

Pgm 0.05M Tris-maleate pH 7.8 135 monomer 5 

Pgk 0.02M Phosphates pH 7.0 150 dimer 2 

 

The comprehensive allozyme screening comprised 757 individuals from 19 sample sets 

(including the two temporal and one spatial replicates), genotyped at 13 loci. A most striking 

outcome of this screening was complete linkage disequilibrium between certain genotypic 

combinations at two loci, Fdp and PepD (Table 3.3). This occurred despite there being a large 

number of alleles (n = 8) and therefore a very large number of observed genotypes (n = 25) at 

PepD.  
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Table 3.3  Association between genotypes at Fdp and PepD (P< 0.001).  

 

Genotypes PepD 

 aa, ab, ad, ae, bb, bc, bd, 

be, cc, cd, ce, dd, de, ee 

af, bf, cf, df, ef, eg, eh, ff, fg, fh 

Fdp    

aa 181 - - 

ab - 111 - 

bb - - 465 

 

With respect to individual alleles at both loci, the outcome can be explained by postulating two 

"linkage" associations; the Fdpa allele with any of the five most cathodal alleles at PepD (a to e), 

and the Fdpb allele with any of the three more anodal PepD alleles (f, g, h). No "recombinant" 

genotypic pairs were found amongst the 757 individuals, and no other evidence of linkage 

disequilibrium was found for genotypes at any other pairwise combination of the 13 loci. Most 

importantly, there was also no evidence of deviation from Hardy Weinberg expectations within 

any sample set for either Fdp or PepD, ruling out a common cause of apparent linkage between 

loci, the Wahlund effect.  

 

The above outcome is consistent with either of two alternative biological scenarios. Firstly, it 

may be that the two loci are very tightly linked, such that recombination occurs at less than on 

average ~1/750 occasions. Alternatively, the results may reflect the presence of two taxa, 

characterized by fixed allelic differences at Fdp and PepD, plus their F1 hybrids. For 

convenience, I hereinafter refer to these two putative taxa as the "peripheral" type (Fdpa, 

PepDa,b,c,d,e) and the "central" type (Fdpb, PepDf,g,h), based on their geographic distributions 

across southern Australasia (Table 3.1, Fig. 3.1). The allele frequencies at the 13 polymorphic 

loci are presented separately for each of the three types (Tables 3.4, 3.5 & 3.6). How can we 

distinguish between these two very different situations, and consequently their very different 

implications for stock structure within southern calamary? If the former is true, then no other 

biological differences should exist between these three groups except for those influenced by 

genes that also lie within the Fdp-PepD linkage group. Conversely, if the latter were true, one 

would expect to find that the two putative taxa display genetic differences for other 

characters/biological traits. Before proceeding to analyse the allozyme data it is therefore 

necessary to consider the results of these other investigations.  
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Table 3.4  Allozyme frequencies in “peripheral” southern calamary at the 13 polymorphic loci. All individuals were 

genotype aa at Fdp. Frequencies as % (Max 2N in brackets). 

 
Locus Allele WA1 

(100) 

WA2a 

(28) 

WA2b 

(54) 

WA3 

(22) 

SA3 

(4) 

SA4a 

(4) 

SA6 

(2) 

NSW1 

(10) 

NSW2 

(96) 

NZ 

(42) 

Dia c 70 71 74 82 50 75  80 69  

 b 26 29 22 18 50  100 20 28 100 

 a 4  4   25   3  

Enol c   2     10 1  

 b 100 100 98 100 100 100 100 90 99 100 

 a           

Got1 c 1 4 2 9    10   

 b 90 89 94 91 100 100 100 90 91 100 

 a 9 7 4      9  

Got2 d           

 c           

 b 100 100 100 100 100 100 100 100 100 100 

 a           

Idh b 100 100 100 100 100 100 100 100 100 100 

 a           

Np1 e 10 7 8      2 12 

 d 7  11 10 25    6  

 c 62 62 72 70 50 25 100 100 79 13 

 b 21 31 9 20 25 75   13 75 

 a           

Np2 c 1 7 2        

 b 99 93 98 100 100 100 100 100 99 100 

 a         1  

PepB c           

 b 99 100 100 100 100 100 100 100 99 100 

 a 1        1  

PepD h           

 g           

 f           

 e 33 32 26 32 25 50 50 100 99 100 

 d 23 11 22 27  25     

 c 22 24 35 36   50    

 b 17 29 13 5 25 25   1  

 a 5 4 4  50      

6Pgd c           

 b 99 100 100 100 100 100 100 100 100 100 

 a 1          

Pgm e 1  2        

 d 97 96 96 100 100 100 100 80 97 100 

 c 1       10 2  

 b 1 4         

 a   2     10 1  

Pgk b 73 64 74 77 75 50 100 60 82 100 

 a 27 36 26 23 25 50  40 18  
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Table 3.5  Allozyme frequencies in “central” southern calamary at the 13 polymorphic loci. All individuals were 

genotype bb at Fdp. Frequencies as % (Max 2N in brackets). 

 
Locus Allele WA2a 

(16) 

WA2b 

(2) 

WA3 

(4) 

SA1 

(52) 

SA2 

(50) 

SA3 

(28) 

SA4a 

(28) 

SA4b 

(50) 

SA5 

(104) 

SA6 

(100) 

SA7 

(70) 

SA9 

(100) 

SA8 

(98) 

TASa 

(98) 

TASb 

(98) 

NSW1

(30) 

NZ 

(2) 

Dia c 68 50 100 61 56 61 64 68 63 58 54 67 60 57 63 73  

 b 13 50  35 42 39 36 28 31 37 37 27 28 38 33 27 100 

 a 19   4 2   4 6 5 9 6 12 5 4   

Enol c    4 2 4  2 3 4 3 2 1 4 1   

 b 100 100 100 96 98 96 100 98 96 96 97 95 99 96 99 100 100 

 a         1   3      

Got1 c         1   2 2  2   

 b 94 100 100 98 94 96 96 98 95 94 91 94 91 89 88 93 100 

 a 6   2 6 4 4 2 4 6 9 4 7 11 10 7  

Got2 d              1    

 c              1    

 b 100 100 100 100 100 100 96 100 100 100 97 100 100 98 100 100 100 

 a       4    3       

Idh b 100 100 100 100 100 100 100 100 99 100 100 100 100 100 100 100 100 

 a         1         

Np1 e    4  11 7 8 8 11 5 7 7 6 7   

 d 7   6 6 7 4 4 5 7 4 7 5 8 7   

 c 43 50 100 71 75 71 71 69 73 60 73 62 77 60 72 100 50 

 b 43 50  19 19 11 18 19 13 21 18 24 11 26 14  50 

 a 7        1 1        

Np2 c          1  1      

 b 100 100 100 100 100 96 100 100 100 99 100 99 99 100 99 100 100 

 a      4       1  1   

PepB c       4     1  1    

 b 100 100 100 100 100 100 96 100 100 99 100 97 100 98 100 100 100 

 a          1  2  1    

PepD h  50 25     8    1 2  1   

 g     4 4   1 1 1  2 1 1   

 f 100 50 75 100 96 96 100 92 99 99 99 99 96 99 98 100 100 

 e                  

 d                  

 c                  

 b                  

 a                  

6Pgd c        2 1    1  1   

 b 100 100 100 100 100 100 100 98 99 100 100 100 99 97 98 100 100 

 a              3 1   

Pgm e                  

 d 100 100 100 96 96 96 100 94 98 100 96 99 98 99 97 100 100 

 c    4  4     3    1   

 b        6 1  1  2 1 1   

 a     4    1   1   1   

Pgk b 81 100 75 73 74 79 61 70 68 67 63 70 67 70 73 77 100 

 a 19  25 27 26 21 39 30 32 33 37 30 33 30 27 23  
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Table 3.6  Allozyme frequencies in “hybrid” southern calamary at the 13 polymorphic loci. All individuals were 

genotype ab at Fdp. Frequencies as % (Max 2N in brackets). The banding pattern of the loci Np1 was not interpretable 

at NSW1. 

 
Locus Allele WA2a 

(36) 

WA2b 

(28) 

WA3 

(42) 

SA1 

(14) 

SA2 

(12) 

SA3 

(4) 

SA4a 

22) 

SA4b 

(10) 

SA8 

(2) 

TASa 

(2) 

TASb 

(2) 

NSW1 

(20) 

NSW2 

(4) 

NZ 

(24) 

Dia c 67 71 69 79 50 50 64 40   50 50 50  

 b 19 25 31 14 50 50 36 50 100 100  45 50 100 

 a 14 4  7    10   50 5   

Enol c       9     5   

 b 100 100 100 100 100 100 91 100 100 100 100 95 100 100 

 a               

Got1 c       5    50    

 b 97 100 98 93 92 75 86 80 100 100 50 95 100 100 

 a 3  2 7 8 25 9 20    5   

Got2 d               

 c    7           

 b 100 100 100 93 100 100 100 100 100 100 100 100 100 100 

 a               

Idh c       5        

 b 100 100 100 100 100 100 95 100 100 100 100 100 100 100 

 a               

Np1 e 12 8 10 7   5   50 50 ?   

 d     17  5 20  50  ? 25  

 c 69 88 77 86 75 50 75 80 100  50 ? 75 12 

 b 19 4 13 7 8 50 15     ?  88 

 a            ?   

Np2 c  7            4 

 b 100 93 98 100 100 100 100 100 100 100 100 100 100 96 

 a   2            

PepB b 100 100 100 100 100 100 100 100 100 100 100 100 100 100 

 a               

PepD h 3              

 g 3   7           

 f 44 50 50 43 50 50 50 50 50 50 50 50 50 50 

 e 28 15 9 15 8  9 10 50 50 50 45 50 50 

 d 8 14 10 14 25  4 20       

 c 3 21 17 7 17 25  20    5   

 b 11  2 7   32        

 a   12 7  25 5        

6Pgd c             25  

 b 97 100 100 100 100 100 100 100 100 100 100 95 75 100 

 a 3           5   

Pgm e   2            

 d 100 100 98 100 100 100 100 100 100 100 100 100 100 100 

 c               

 b               

 a               

Pgk b 61 75 83 57 67 50 77 70 100 50 100 65 75 100 

 a 39 25 17 43 33 50 23 30  50  35 25  
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3.3.2 MtDNA sequence data 

Two sequences each from individuals representing two "peripheral" and five "central" sample 

sets, identified from their allozyme profiles, were generated in the mtDNA pilot study. Low 

levels of nucleotide diversity were detected at both protein-encoding genes. For COIII, only 12 

of 600 nucleotide positions displayed variation (ignoring the outgroup Sepioteuthis lessoniana) 

and seven of these involved a unique substitution in a single individual (Fig. 3.2). Similarly, all 

but six of the 312 nucleotide positions sequenced for COII were invariant, and only two of these 

did not involve a unique substitution in a single animal. Most variants involved synonymous 

codon changes, with only one in COII (position 308), and two in COIII (positions 61 and 571) 

resulting in amino acid substitutions. The COIII nucleotide sequences of S. lessoniana and 

southern calamary differed at 128-131/600 sites, equating to ~6.5% (13-14/200) difference in 

amino-acid sequence.  

 

 
Figure 3.2  Summary of the variable positions found amongst two peripheral and five central southern calamary from 

southern Australia for the COII and COIII sequence data. The COII and COIII sequences for Newcastle were derived 

from separate individuals. Dots (.) indicate identity with the reference animal on the first line. 

 

A phylogenetic analysis was undertaken on the combined 912bp COII + COIII sequence data, 

using the COIII sequence from S. lessoniana as an outgroup to root the tree. One of the two most 

parsimonious trees is shown in Fig. 3.3 (the other displayed the same overall topology but a 

minor difference in two branch lengths). Three of the four clades identified have bootstrap 

values of 60% or more, but neither the "peripheral" nor "central" haplotypes are strictly 

monophyletic with respect to one another. While the two "peripheral" specimens display 

identical sequences and form a monophyletic cluster, they also cluster with one of the "central" 

specimens (from Albany, Western Australia, a region of pronounced overlap between the two 
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putative taxa). As there is no clear support for the genetic distinctiveness of the two taxa, and 

given the low levels of nucleotide diversity and the additional expense involved, no further 

sequencing was undertaken. 

 (WA) 

 
Figure 3.3  Maximum parsimony tree for 2 peripheral and 5 central southern calamary from southern Australia for the 

COII and COIII sequence data. 

 

3.3.3 Field examination of specimens a priori 

Significant differences between the three genetic groups were evident for all 3 parameters: 

gender, stage of sexual maturity; and age-adjusted DML (Table 3.7), routinely determined on 

most individuals. The proportion of females amongst hybrid southern calamary (18.2%) was 

significantly less than in central (25.7%) or peripheral (38.3%) types (P = 0.0155 for 3 x 2 

contingency table; P = 0.056 for central vs. peripheral only). Simple comparisons of DML 

between groups were not appropriate without first correcting for age-related differences between 

individuals. This analysis is presented in detail elsewhere (Triantafillos, submitted). Considering 

only sexually mature animals, both female and male hybrids were significantly larger than their 

central or peripheral counterparts (P<0.001), a trend that exists with all hybrid age classes 

(Triantafillos, submitted).  
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Table 3.7  Results of a priori examination of 3 genetic types of southern calamary from southern Australia and New 

Zealand in relation to genetic type. 

 
Parameter Centrals Hybrids Peripherals 

Number of immature females (stage I-III)       22          5        4 

Number of immature males (stage I-III)       53         44        5 

Number of mature females (stage IV-VI)       55         11       22 

Number of mature males (stage IV-VI)       170         28       37 

Proportion of females  77/300 (25.7%) 16/88 (18.2%) 26/68 (38.3%) 

Proportion of immature  75/300 (25.0%) 49/88 (55.7%) 9/68 (13.3%) 

DML at which 50% of females were mature 150.4 mm 206 mm 148 mm 

DML at which 50% of males were mature  103.7 mm 340.8 mm 148 mm 

 

One of the critical pieces of evidence needed to distinguish between the competing hypotheses 

of simple linkage and two hybridizing taxa was the reproductive potential of hybrids. In the 

absence of any linkage, the allozyme data indicated hybrids would need to be totally infertile to 

maintain the integrity of the two diagnostic loci. Our assessment here was limited to one 

simplistic measure of reproductive potential, namely the number of animals that display the 

overall morphological features of sexual maturity. Given that an animal that appears sexually 

mature may still nevertheless be infertile, such a measure would be expected to underestimate 

the extent of any hybrid infertility if it existed.  

 

An examination of the reproductive status of hybrids indicated that they are indeed significantly 

less sexually mature (P<0.0001) than the other two types (P>0.05 for centrals vs. peripherals), 

although a moderate proportion (39/88) still showed signs of maturity (Table 3.7). This was 

despite hybrids being, on average, much larger than either parental taxon. 

 

3.3.4 Morphological distinctiveness a posteriori  

Teeth counts and sucker diameters of different suckers from the same individual showed some 

minor variation. For this reason, means for both these variables were obtained for each 

individual. A clear relationship was found between DML and mean sucker diameter (Fig. 3.4a). 

In contrast, no discernible relationship was found between the mean number of teeth and either 

DML or mean sucker diameter (Fig. 3.4b). This indicated that teeth counts were not a function 

of size.  
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No significant differences were found in mean teeth count between sexes or sites within genetic 

type (P>0.05). There was, however, significant variability in the counts between genetic types 

(P<0.001). The peripherals generally had fewer teeth than the centrals, while the hybrid counts 

were mostly intermediate (Fig. 3.5). The minor variation displayed amongst teeth counts from 

the same individual was insignificant against the backdrop of the differences between the three 

genetic types, and a single count per individual provided the same level of discrimination. 

 

Figure 3.4  Relationship of DML with (A) mean sucker diameter and (B) mean number of teeth for southern calamary 

from southern Australia. 
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Figure 3.5  Error plots with 99% confidence intervals of teeth counts for the three genetic types of southern calamary 

from Western Australia and South Australia. Sample sizes on which counts are based are indicated above plot.  

 

3.3.5 Distribution of the three types  

An examination of the relative abundance of peripheral, central and hybrid animals in regions of 

overlap provided additional insight into the two competing hypotheses. On the one hand, the 

proportion of hybrids in any one sample set did not differ significantly from that predicted for 

random mating under Hardy Weinberg expectations (raw data from Table 3.1), a result entirely 

consistent with linkage, but not inconsistent with two taxa hybridizing at random. By contrast, 

the proportions of peripheral, central and F1 animals differed significantly from one another in 

different years when the two sets of temporal replicates are compared (WA2a vs. WA2b, P = 

0.001; SA4a vs. SA4b, P = 0.013; raw data from Table 3.1). This was an unlikely outcome for 

simple linkage within a stable stock in the absence of strong selection, and implied the existence 

of two taxa whose relative abundance in regions of overlap can vary markedly between catch 

efforts.  

 

In conclusion, the evidence supported the notion that the southern calamary comprised of two 

taxa with overlapping distributions and which hybridize at random in zones of overlap. Given 

this, the allozyme data have been analysed separately for each taxon (Tables 3.4 & 3.5). 
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Population structure within the peripheral type 

The allozyme data (summarised in Table 3.4) for the peripheral type of southern calamary were 

analysed for a suite of population genetic measures available in the program GENEPOP. The 

measures examined were (1) deviation from Hardy Weinberg expectations at each locus in each 

sample set (testing for both a deficit and an excess of heterozygotes), (2) linkage disequilibrium 

between each locus in each sample set, and (3) genic differentiation between pairwise 

comparisons of sample sets at each locus. In all cases, the 5 animals from South Australia (at 

sites SA3, SA4, and SA6) were pooled into a single sample set ("SAP"). The replicate sample 

sets at Albany (WA2aP and WA2bP) were initially treated as separate and subsequently pooled 

after failing to show significant differences in any measure.  

 

There were no significant deviations from Hardy Weinberg expectations at any locus when 

testing for heterozygote excess and only one significant outcome testing for heterozygote 

deficiency (Np1 in sample set NSW2P, 0.01<P<0.05). No evidence of linkage between any two 

loci was found in any sample set. Pairwise comparisons of allele frequency indicate the presence 

of three discrete stocks in the peripheral type, characterised by significant differences at one or 

more of four loci (Table 3.8). These were referred to hereafter as the New Zealand (NZ), eastern 

and western stocks. The most distinctive sample set was that from New Zealand, distinguishable 

at 2-4 loci from all other sample sets, even including those with small sample sizes ("SAP" and 

site NSW1; both n = 5). Amongst the Australian sample sets, the eastern two from Eden 

(NSW1P) and Newcastle (NSW2P) are distinguishable from most others at PepD. The single 

exception involves the small "SAP" sample set; a qualitative examination of the allozyme 

frequency data (Table 3.4) reveals that the SA animals appear to belong with the western stock.  

 

Estimates of genetic divergence between sample sets ranged from 0.000 and 0.001 Nei D within 

the western stock, and 0.001 within the eastern stock. The eastern and western stocks differed on 

average at 0.008 Nei D (Fig. 3.6), whilst both differed from the New Zealand stock at much 

greater levels (eastern vs. New Zealand, mean Nei D = 0.027; western vs. New Zealand, mean 

Nei D = 0.026). There were insufficient sample sets within any stock to attempt an isolation-by-

distance analysis.  
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Figure 3.6  UPGMA dendrogram based on Nei’s genetic distance for all central and peripheral sample sets. 

 

The F-statistics for all 8 sample sets supported the assertion that there was significant genetic 

divergence between New Zealand and Australia (FST = 0.155; 95% confidence intervals 0.0307 

to 0.245), but no deviation from panmixia within sample sets (FIS = 0.031; 95% confidence 

intervals -0.047 to 0.137). Both values were non-significant when the New Zealand sample set 

was removed.  
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Population structure within the central type 

The allozyme data for the central type of southern calamary (summarised in Table 3.5) were 

analysed for the same array of population genetic parameters, plus the additional calculation of 

FST values between sample sets for an isolation-by-distance analysis. In all cases, the 11 Western 

Australian animals (WA2a, WA2b, and WA3) were pooled into a single sample set (WAC). The 

replicate samples from Pearson Island (SA4aC and SA4bC) and Tasmania (TASaC and TASbC) 

were initially treated as separate sample sets and subsequently pooled after failing to reveal 

significant differences at any parameter. Consisting as it did of only a single animal, the New 

Zealand sample set could not be used "as is" in any analysis. To partially circumvent this 

problem, the assessment of genic differentiation was carried out using a composite New Zealand 

gene pool (n = 14 haploid genomes) consisting of the single pure central animal plus one 

allozyme from each of the 12 hybrid animals (only where there was no ambiguity as to what 

allozyme would have been derived from any putative central parent). 

 

There was no evidence of deviation from Hardy Weinberg expectations (involving either 

heterozygote deficiency or excess) at any locus and no indication of linkage disequilibrium 

between loci within any sample set. Pairwise comparisons of allele frequencies revealed minor 

evidence of stock structure within the central type. The composite NZC sample set appeared to 

represent a distinct stock, displaying significant allelic differences from all Australian sample 

sets at Dia (all P<0.001 except for SA2C, SA3C, SA5C, and SA6C, where P<0.01, and SA7C, 

where P<0.05). There was no indication of further substructuring within the Australian stock. 

The Australian and New Zealand stocks (as represented by a single specimen) differed at a mean 

Nei's D of 0.007 (range 0.005 to 0.013; Fig. 3.6). Sample sets within the Australian stock 

exhibited levels of genetic divergence ranging between 0.000 and 0.003 Nei D from one another. 

An analysis comparing pairwise FST values against geographic distance (Fig. 3.7) revealed no 

compelling evidence that an isolation-by-distance model is appropriate for these data. The F-

statistics for all 13 sample sets also provide weak support for the existence of a separate stock in 

New Zealand. A marginally significant positive value for FST (FST = 0.0087; 95% confidence 

intervals 0.0188 to 0.0001) becomes non-significant after removing the NZ sample set (FST = 0; 

95% confidence intervals 0.0014 to -0.0041). FIS values for both analyses do not differ 

significantly from zero, supporting the assumption of panmixia within sample sets.  
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Figure 3.7  Isolation-by-distance analysis for the Australian sample sets of the central type (plot of FST versus 

geographic distance). 

 
Comparisons of peripheral, central, and hybrid types in overlap zones 

An examination of Tables 3.4, 3.5 and 3.6 revealed that peripheral, central and hybrid sample 

sets displayed similar allozyme frequencies in zones of overlap at all loci except the two 

diagnostic markers. Although sample sizes were not always adequate for rigorous statistical 

analysis, pairwise comparisons of peripheral, central, and hybrid allele frequencies within initial 

sample sets did not reveal any significant differences at the non-diagnostic loci. Such an 

outcome was most notable for the New Zealand sample sets (using the composite central/hybrid 

data to represent the central type). For both the peripheral and central types, the New Zealand 

stock was distinguishable from some or all Australian sample sets by correlated differences in 

allele frequency at the markers Dia, Np1, and Pgk, and yet NZP and NZC did not differ 

significantly from one another at any locus other than PepD and Fdp, the markers diagnostic for 

the two taxa. Given that two Australian stocks of the peripheral type were distinguishable (based 

on major differences in the frequency of alleles a+b+c+d at PepD; Tables 3.4 and 3.8), it is 

worth noting that hybrid southern calamary from most sample sets bore the genetic signature of 

the co-existing peripheral stock rather than of the alternate peripheral stock (Table 3.6). Thus, 

distinctive western and eastern "stocks" of hybrids could be recognized (sites SA8, TAS, and 

NSW2 not able to be assigned due to small sample sizes) based on their PepD profile.  
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Table 3.8  Summary of pairwise comparisons of allele frequency between sample sets for peripheral southern 

calamary. Lower triangle = number of significant differences where P<0.05; upper triangle = loci involved. Level of 

significance: ns = not significant as P>0.05; * = P <0.05; ** = P <0.01; and *** P <0.001 (number of haploid 

genomes for each sample set in brackets). All P values are corrected. 

 
Sample set WA1P 

(100) 

WA2P 

(82) 

WA3P 

(22) 

“SAP” 

(10) 

NSW1P 

(10) 

NSW2P 

(96) 

NZP 

(42) 

WA1P -    PepD* PepD*** Dia***,  PepD***,  Pgk***  

WA2P 0 -   PepD* PepD*** Dia***,  Np1*,  PepD***,  Pgk*** 

WA3P 0 0 -  PepD* PepD*** Dia***,  PepD*** 

“SAP” 0 0 0 -  PepD*** Dia***,  PepD*** 

NSW1P 1 1 1 0  -  Dia***,  Pgk* 

NSW2P 1 1 1 1 0 - Dia***,  Np1***,  Pgk* 

NZP 3 4 2 2 2 3 - 
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3.4 Discussion 

3.4.1 The systematic status of the three genetic types of southern calamary 

The allozyme data presented herein demonstrated complete linkage disequilibrium between Fdp 

and PepD amongst 757 southern calamary examined across a geographic range of more than 

5500 km. This was despite no indication of heterozygote deficiency in any sample set at either 

locus, nor, with one exception, at any other locus. Two obvious hypotheses could be envisaged 

to account for this extraordinary pattern, namely (1) the two loci were very tightly linked, or (2) 

there were two taxa within Sepioteuthis australis, distinguished by fixed differences at Fdp and 

PepD, which mate at random wherever they co-exist, but where the hybrids were infertile. 

 

The morphological and reproductive data largely supported the second hypothesis, although they 

did not specifically exclude the first. Southern calamary belonging to the central and peripheral 

types were distinguishable from one another using the simple morphological feature of the 

number of teeth on the largest sucker(s) of the tentacle(s). They also showed significant 

differences in growth rates after adjusting for sex and sampling site (Triantafillos, submitted). 

These findings were only consistent with the hypothesis of linkage if genetic control of both 

these characters also resided within or adjacent to the Fdp/PepD linkage group. Furthermore, 

hybrid southern calamary differed significantly from both putative parental types at four 

biological parameters; sex ratio, proportion of sexually-mature animals, DML-at-maturity, and 

growth rates (Triantafillos, submitted). If linkage alone was involved, these characters too must 

presumably in some way be associated with the Fdp/PepD linkage group. The existence of 3 

diagnostic characters and other biological correlates in sympatry would ordinarily be sufficient 

to warrant the recognition of two species within S. australis. However, the common occurrence 

of southern calamary with the genetic profiles of F1 hybrids, whose abundance could be 

predicted under expectations of random mating between the species, created some uncertainty 

about such a conclusion. Thus, it was important to explore in more detail the alternative 

scenarios under which such a result could be obtained within a single species. Pronounced 

linkage disequilibrium in natural populations between unrelated genes (i.e. not members of a 

gene family) could occur when the genes concerned were (1) very tightly linked, (2) associated 

with a polymorphism for some structural chromosomal alteration (usually an inversion or 

reciprocal translocation, both of which suppress recombination during meiosis in a 

heterozygote), or (3) not subjected to recombination due to some other mechanism which either 

suppresses crossing-over or did not allow recombinants to survive (Hartl and Jones 1998). Could 

any of these situations be operating for the southern calamary? 
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Explanation (1) was highly implausible in this instance. Firstly, 2 of 13 randomly selected 

polymorphic markers would have to have been so tightly linked that recombinants have never 

been recovered over successive generations. Loci showing as little as ~1% recombination are 

usually close to linkage equilibrium in natural populations, and even adjacent loci usually show 

some evidence of recombination over moderate periods of evolutionary time (Maynard Smith 

1994). In addition, a minimum of two other genetic makers (i.e. increasing the proportion of 

"linked" markers to ~25%), one influencing sucker teeth counts and the other growth rates, 

would have to been part of the same tight linkage group. 

 

Explanation (2) was also unlikely given the available information on squid karyotypes. Although 

the karyotype of the southern calamary was not known, it could be reasonably inferred from 

studies of other species of squid across five genera and two families. Two sepioids and three 

other loliginids, including the northern calamary Sepioteuthis lessoniana, all possessed a 

karyotype of 2N = 92, with no individual chromosome larger than 4%, nor smaller than 1.1% of 

total karyotype length (Gao and Natsukari 1990). Given such evolutionary conservatism, S. 

australis was unlikely to differ greatly from this general pattern. For this reason, even if two 

entire chromosomes were involved in a reciprocal translocation, linkage disequilibrium would 

still only be evident for at most 8% of loci examined. Polymorphism for multiple chromosomal 

rearrangements, such as is found associated with semi-sterility in some plants (Hartl and Jones 

1998), would need to have been operating to generate the results obtained here within a single 

species. Moreover, even where inversion or translocation polymorphisms are evident within a 

species, there is rarely complete linkage disequilibrium between included loci, due to 

phenomena such as double cross-overs, gene conversion and "middle-gene" effects (Loukas et 

al. 1979; Krimbas and Powell 1992).  

 

For similar reasons, explanation (3) was also unlikely to be a factor for these data. Assuming a 

karyotype of 2N ~ 92, any suppression of crossing-over or recombination would have needed to 

operate simultaneously and concertedly on a number of different chromosomes to generate 

pronounced linkage disequilibrium amongst at least 25% of loci sampled. Some species are 

known in which recombination does not occur within individuals, but these instances only occur 

in one sex (Maynard Smith 1994). Absence of recombination would need to feature in both 

sexes of southern calamary for this explanation to be tenable, and, if present, might also be 

expected to lead to many other instances of linkage disequilibrium. 
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Thus, I argue that the results obtained here for southern calamary are inconsistent with the 

hypothesis of a single species, and instead suggested the existence of two taxa, capable of 

hybridizing freely in areas of overlap. Nevertheless, such a biological scenario did not preclude 

the existence of chromosomal differences between these two taxa. Closely-related taxa differing 

in structural chromosomal features such as translocations or inversions often exhibit partial or 

total reproductive isolation (White 1978). Any hybrids produced may have experienced 

difficulties in chromosomal pairing and proper disjunction during meiosis, resulting in partial or 

complete sterility (Avise 1994). And, while total sterility would maintain the genetic integrity of 

both taxa (in this case species), partial sterility would result in some degree of genetic exchange 

between the two gene pools for all loci not included within the structural rearrangement 

distinguishing the two taxa. As a consequence, allele frequencies at most loci would tend to 

converge on intermediate levels in both taxa, the extent of introgression depending on the degree 

of sterility encountered in hybrids and the effects of selection.  

 

Such an explanation would be consistent with two of the major outcomes from this study, 

namely (1) only F1 hybrids were found, and (2) allele frequencies at loci other than Fdp and 

PepD did not differ significantly between central and peripheral animals in any zone of overlap, 

including New Zealand (where both the NZP and by inference the NZC stocks were 

distinguishable from their eastern Australian counterparts but not from one another). Hybrids 

could still be partially fertile, but would only produce gametes with parental genotypes at loci 

located within the chromosomal rearrangement (Fdp and PepD in this instance). Loci not linked 

to the rearrangement would participate in some level of genetic exchange such that in any one 

site the two "parental" taxa would converge on similar allelic profiles at all non-linked loci. As a 

consequence, each of the "central", "peripheral" and "hybrid" genetic types would actually 

harbour a small percentage of southern calamary of hybrid ancestry (F1 x central, F1 x peripheral, 

F2 etc.), depending upon the fertility of each type of second generation cross. Nevertheless, 

partial sterility in the hybrids would still ensure that other genetic differences would be 

maintained at loci under the direct influence of selection.  

 

Unfortunately, the data presented herein could not resolve whether there was introgression 

between the two parental taxa. My limited data plus the companion study of Triantafillos 

(submitted) suggested that hybrids, whilst more vigorous than either parental type, were at best 

semi-sterile (i.e. not fully sterile). Hybrid southern calamary were, in general, substantially 

larger than mature central and peripheral southern calamary, yet a majority were sexually 
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immature when assessed by macroscopic examination of the gonads. Interestingly, the only site 

where mature hybrids were commonly found was New Zealand.  

 

Despite having fully formed reproductive organs, these hybrids may still not produce 

reproductively competent offspring. Galbreath and Thorgaad (1995) found that seemingly 

mature hybrid salmon produced offspring that never progressed past 30 days and Lincoln (1981) 

found that male triploid plaice crossed with flounder produced hybrids that seemed sexually 

mature, but only produced sterile gametes. 

 

I hesitate to apply the term species to these two parental taxa until further investigation has 

addressed the reproductive potential of hybrids. As such, my data does not allow me to draw 

conclusions about the nomenclature of Sepioteuthis spp. in Australia and New Zealand. The 

allozyme data do offer general support for the conclusions of Lu and Tait (1983) that the same 

species of Sepioteuthis spp. occur in both Australia and New Zealand. However, if the hybrids 

turn out to be largely infertile (and therefore both central and peripheral types are good 

biological species), the name S. bilineata may nevertheless still apply to one of the two species.  

 

Unlike the morphological and the growth data, the pilot mtDNA data did not fully support the 

hypothesis of two taxa. Several explanations were possible here. As closely related taxa often 

did not display reciprocal monophyly for their mitochondrial gene trees (Avise 1994), the results 

of our pilot analysis may have reflected the true mitochondrial phylogeny. Alternatively, the 

chosen protein-encoding genes may have been too conservative to reveal any fine-scale 

phylogenetic structure. Low levels of genetic diversity have been found in other loliginids such 

as Loligo pealei (Garthwaite et al. 1989), and may be characteristic of squid in general (Ally and 

Keck 1978; Carvalho and Nigmatullin 1998). A third possibility is that the mtDNA data were 

informative in that they identified a clade comprising the two "peripheral" animals (identical 

sequences despite being from opposite ends of the continent) plus a "central" animal from 

Albany, a region where hybrids were commonly encountered but where the central type was 

rare. Such a finding may have actually reflected the existence of some introgression, with the 

Albany animal displaying a peripheral mtDNA haplotype originally derived from its original 

maternal parent. However, any discussion of introgression must remain pure speculation given 

the low levels of diversity and the absence of further sequence data. 
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3.4.2 Population structure within each genetic type 

Regardless of the extent of introgression occurring between central and peripheral types of the 

southern calamary, the existence of these two taxa and their hybrids required that all 3 genetic 

types be assessed separately for any evidence of population structure. Unfortunately, all 3 

analyses suffered from the same deficiency, namely inadequate sample sizes. Few sample sets 

conformed to our a priori goal of n = 50 (2/10 peripheral, 6/17 central, 0/14 hybrid), which 

severely limited the ability of the allozyme data to probe too deeply into population structure. 

This limitation was further compounded by the high probability of a type II error accompanying 

all allozyme analyses of population structure (Richardson et al. 1986). Nevertheless, it was 

possible to make some statistically rigorous observations regarding the minimum number of 

stocks present within each genetic type. 

 
Peripheral type 

Three subpopulations were shown to exist within the peripheral type, one each in Western 

Australia, southeast Australia and New Zealand. Multi-locus heterogeneity between the 

Australian and New Zealand stocks ruled out the possibility of a locus-specific rather than 

population-structure effect (Richardson et al. 1986). It was not surprising to find genetic 

differences between mainland Australia and New Zealand samples because these two regions 

were separated by more than 2000 km of open ocean, much of which was of considerable depth 

(>2000m). Regular migrations and subsequent genetic exchange across such a geographic barrier 

by a neritic squid were unlikely (Brierley et al. 1995).  

 

The eastern and western stocks of Australia were diagnosable only at one locus (PepD), albeit 

involving major clear differences in allele frequency. These two stocks were also, to a certain 

extent, oceanographically isolated. It is possible that the eastern stock was kept isolated from the 

western stock by the East Australian Current (Cresswell and Legeckis 1986; Church 1987). 
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Central type 

In stark contrast to the population heterogeneity observed within the peripheral type, very little 

population substructuring was detected within the central type. Allele frequencies from 

Tasmania were similar at all loci to those found in Western Australia, a distance of nearly 3000 

km. These data were consistent with a single, randomly mating stock across Australia. As with 

the peripheral type, there were some significant allelic differences between Australia and New 

Zealand, suggesting that the New Zealand sample was a separate stock.  

 

Prior to this study, the only information concerning the stock structure in southern calamary was 

gained from two short-term tagging studies (Smith 1983; Triantafillos 1998). Both showed that 

although most individuals were predominantly sedentary, the species was capable of long and 

fairly rapid movement. Such mobility would potentially facilitate gene flow over considerable 

distances. In the absence of strong selection pressures, the effective number of migrants between 

regions that was necessary to prevent genetic drift from producing significantly different allele 

frequencies was small, i.e. 1-10 individuals per generation (Allendorf et al. 1987).  

 

Given that large stretches of the southern Australian coast were suitable habitat for this species 

(Zeidler and Norris 1989), it was feasible that there was sufficient movement of individuals from 

one region to the next, in a stepping-stone fashion, to prevent subpopulations emerging within 

the entire Australian central stock.  

 
Hybrid type 

Three stocks of the hybrid type of southern calamary were broadly identifiable from the 

allozyme data, based on the distribution of parental stocks and from an examination of allozyme 

frequencies (Table 3.6). The western and eastern hybrid stocks differed only at one marker 

(PepD), whilst the New Zealand hybrid stock was diagnosable from the two Australian stocks 

using the same loci that distinguish both New Zealand central and New Zealand peripheral 

stocks from their respective Australian counterparts (Dia, Pgk and/or PepD). Although the rarest 

overall, hybrid southern calamary were the most abundant of the three genetic groups in 2 of the 

19 sample sets (Albany 96 and Esperance), demonstrating that they were likely to constitute a 

major part of the catch in the major zones of overlap i.e., (1) the south coast of WA through to 

the west coast of SA, (2) the south-east coast of Australia, and (3) at least one region in New 

Zealand. As such, they needed to be considered as part of any management plan for the southern 

calamary fishery.  
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3.4.3 Biogeographic regions 

The geographic distributions of the two taxa were closely related to the biogeographical regions 

proposed by Knox (1963). The distribution of the central type coincides with the Flindersian and 

Maugean Provinces postulated by Womersley and Edmonds (1958), which had affinities 

intermediate between cool and warm temperate regions. In comparison, the peripheral type 

prefered the warmer waters of the warm temperate regions of the Western Australian, Peronia 

and Auporian Provinces found in Western Australia, New South Wales and New Zealand 

respectively. Most hybrids were found in the transitional zones between these water masses. 

Such affinities to different oceanographic masses could account for the genetic divergence 

between the two parental taxa. For example, an allozyme study of the ommastrephid squid 

Nototodarus gouldii around New Zealand also revealed an allopatric sibling species, N. sloanii 

(Smith et al. 1981). The distributions of these two species were divided by the Sub-Tropical 

Convergence Zone (Smith et al. 1981).  

 

It may have been that under normal conditions the central and peripheral types of southern 

calamary were allopatric, coming together only occasionally when prevailing oceanographic 

conditions allowed. For example, the assorted peripherals around the islands of southwestern 

South Australia may have been attributable to the Leeuwin Current. This current carries warm 

water from western Australia, where the peripherals dominated, through Albany and then across 

the Great Australian Bight (Cresswell 1991). At its strongest, the Leeuwin Current eventually 

dissipates after it reaches the islands of southwestern South Australia (Cresswell 1991). This 

may explain why there were no peripherals east of these islands. Similarly, the East Australian 

Current may have influenced the distribution of the peripherals on the eastern side of Australia 

and New Zealand. Gill (1997) suggested that many Australian marine reptiles were assisted or 

carried to New Zealand by the East Australian Current. 

 

3.4.4 Implications for management of the southern calamary fishery 

The results of our study had clear implications for the management of southern calamary. The 

existence of sibling species, and their unknown contribution to respective fisheries, would 

complicate markedly the construction of stock assessment models and provisions of subsequent 

fishery advice (Beddington et al. 1990), especially as part of the observed variance in 

reproductive, size and age-related parameters are species specific. At present, southern calamary 

in Australia are managed as if all individuals were members of a single, interbreeding stock. The 

results presented here indicated a minimum of 5 stocks, namely (1) western peripherals, (2) 
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eastern peripherals, (3) centrals, (4) western hybrids, and (5) eastern hybrids. Three additional 

stocks occurred in New Zealand, NZ peripherals, NZ centrals, and NZ hybrids. With the 

exception of Perth, Port Lincoln, Myponga Beach and Kangaroo Island all sampling sites had 

more than one genetic type present. At six localities, all three genetic types were present at 

various frequencies (Albany, Esperance, Flinders Island, Pearson Island, Eden, and New 

Zealand). Moreover, both temporal replicates revealed significant differences in the proportions 

of the three stocks taken at random. This result may have reflected genuine temporal differences 

in abundance, or alternatively the differential sampling of taxon-specific differences in micro-

habitat. Regardless of the explanation, where stocks differed in their relative strengths in space 

and time, none could be harvested at an optimal level, since either the weaker stocks were over-

exploited or the stronger ones remained under-exploited (Ryman and Utter 1987).  

 

The results of this study and the occurrence of cryptic speciation in yet another species of 

loliginid squid reinforced the need for a molecular systematic assessment of the target "species" 

as a first step in any study on the biology of squid. Ambiguity of this sort reiterated the relevance 

of systematics and the importance of unequivocally identifying whether the populations under 

study were conspecific before undertaking any assessment of population structure. In the case of 

Sepioteuthis australis, the present study cast doubts over the validity of previous ecological 

work, the results of which were not interpreted according to the true systematic complexity 

present. 
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CHAPTER 4:  PATTERNS OF DISTRIBUTION AND ABUNDANCE 

4.1 Introduction 

In the last chapter, the population genetic structure of southern calamary was explored at the 

geographic scale. In this chapter, I began to explore the population characteristics of southern 

calamary in one important fishery region, i.e. Gulf St. Vincent of South Australia (Chapter 2). 

Here, the “central” type was dominant, with no evidence of population substructuring (Chapter 

3). This meant that the subsequent biological studies were focussed on a single, randomly-

mating stock (Chapter 3).  

 

Patterns of distribution and abundance of cephalopods tend to be highly variable, fluctuating 

from place-to-place and year-to-year (Murata 1989; Waluda and Pierce 1998; Brodziak and 

Hendrickson 1999; Waluda et al. 1999). A factor that is often implicated in these fluctuations is 

their life-cycle characteristics, which include early and/ or semelparous breeding, rapid growth, 

short life spans, little overlap of generations and vulnerability to environmental variables (Caddy 

1983; Boyle and Boletzky 1996). Many cephalopods, such as Illex illecebrosus (O’Dor and 

Dawe 1998) and Todarodes pacificus (Okutani 1983), also undertake migratory movements, 

which coupled with varying influences of oceanographic variables, further complicates their 

patterns of distribution and abundance (Boyle and Boletzky 1996). Environmental factors that 

influence the distribution and abundance of cephalopods include water temperature (Pierce et al. 

1998), ocean currents (Brunetti et al. 1998) and salinity (Augustyn 1991; Coelho 1985). While 

the causal links underlying such relationships are poorly understood, several working hypotheses 

have been proposed, including: putative physiological limits (Augustyn 1991); effects on 

maturation and growth (Forsythe 1993); migration or seasonality of the life cycle (Boyle and 

Boletzky 1996); and adaptive behavioural preferences (Hanlon and Messenger 1996). 

 

The most common index of relative stock abundance for exploited species, including such 

species of cephalopods as Illex argentinus (Basson et al. 1996; Agnew et al. 1998) and Loligo 

forbesi (Pierce et al. 1994), is catch per unit effort (CPUE) derived from fishery-dependent data. 

Despite some inherent limitations of such data (Hilborn and Walters 1993), they often provide 

the only long-term record of variation in abundance. They are also relatively cheap to collect and 

based on large samples of the population, which lowers the variance of the relative estimate of 

stock abundance (King 1995).  
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In some large, valuable fisheries, such as for Todarodes pacificus (Sakurai et al. 2000), fishery-

independent data are also collected by scientific surveys. These surveys may provide data from a 

wider geographic area than that fished by the commercial fishery, where effort may be 

concentrated on only a small part of the stock at a given time (King 1995; Quinn and Deriso 

1999). As long as standard gear is used, the fishery-independent data are likely to provide a 

better estimate of abundance over time and area than fishery-dependent data (Hilborn and 

Walters 1992; King 1995; Quinn and Deriso 1999). However, one disadvantage of fishery-

independent data is that the variability between CPUEs is often large because the samples only 

represent a small fraction of the total stock. Another is that they are expensive to acquire 

(Hilborn and Walters 1992). Ideally, a combination of both fishery-independent and fishery-

dependent data would most accurately elucidate the patterns of distribution and abundance, 

although this is rare.  

 

To date, limited work has been done to describe the distribution and abundance of southern 

calamary in South Australia (Smith 1983; Triantafillos 1997, 1998, 1999; Triantafillos and 

Fowler 2000). Smith (1983) found that prawn trawlers operating in the deeper waters of Gulf St. 

Vincent and Spencer Gulf took incidental catches of small, immature southern calamary. She 

also used catch and effort data of the commercial sector to determine the spatial and temporal 

distribution and abundance of this species in 3 areas of Gulf St. Vincent, for the financial years 

1976/77 to 1981/82 (Fig. 4.1). These data suggested that there were 2 distinct cohorts that were 

spatially and temporally separated; i.e. a ‘summer’ cohort located in the south-eastern part of the 

gulf and a ‘winter’ cohort located in the northern and western reaches (Smith 1983).  

 

A more recent analysis of these areas suggested that these cohorts were not linked (Triantafillos 

1997, 1998). Because one of the areas in all these afore-mentioned studies was very large (~1500 

km2), it was likely that some local or fine-scale changes in patterns of distribution and 

abundance of southern calamary were missed. Furthermore, Smith’s findings are a concern 

because prior to July 1983, catch statistics for southern calamary in South Australia were 

incomplete, as landings were often reported with no details on fishing effort. Moreover, catches 

were not reported by species and it is likely that the estimates of total biomass also included 

catches of Gould’s squid Nototodarus gouldii and Giant cuttlefish Sepia apama.  
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The objectives of this study were twofold: 

1. to describe the spatial and temporal patterns of distribution and abundance of juvenile 

and adult southern calamary in Gulf St. Vincent, in relation to several physical 

environmental factors using both fishery-dependent and fishery-independent data; 

2. to describe the spatial and temporal patterns of southern calamary size structure in Gulf 

St. Vincent. 
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4.2 Materials and methods 

4.2.1 Fishery-dependent data 

In South Australia, legislation was introduced in July 1983 that made it compulsory for all 

commercial Marine Scalefish fishers to submit a detailed account of fishing, including weight 

and number of species caught, value of catch, method of capture, and the area fished. This 

included data for southern calamary. All such data are recorded in the GARFIS database, which 

is maintained by the South Australian Research and Development Institute, Aquatic Sciences.  

 

Whilst southern calamary are caught by the commercial fishing sector using a variety of 

techniques, only the catch and effort data of those caught by jigging were considered in this 

analysis of fishery-dependent data for two reasons. Firstly, jigging is the only technique that 

specifically targets southern calamary. Secondly, jigging is used over a broader spatial and 

temporal scale than the other techniques. The analysis of jigging data thus provides the best 

opportunity to gain a comprehensive insight into patterns of distribution and abundance 

(Triantafillos 1997; 1998; 1999).  

 

Monthly jig catch (tonnes) and fishing effort (man-days) were extracted from the GARFIS 

database for the period January 1984 to December 1999. Days on which no southern calamary 

were targeted were excluded from the analyses. In this database, Gulf St. Vincent is divided into 

8 fishery blocks (Fig. 4.1). For purposes of confidentiality, it was not permitted to publish catch 

and effort data for fishery blocks where there were less than 5 fishers. Since some of the less 

productive blocks did not satisfy this criterion, the catch and effort of these blocks were pooled 

with adjacent blocks. The 6 fishery regions examined will henceforth be identified by the names 

assigned in Table 4.1. 

 
Table 4.1  GARFIS blocks that were combined to form the fishery regions used in the analyses of fishery-dependent 

CPUE data for southern calamary. 

 

Fishery region name GARFIS blocks 

Cape Jervis 44 

Edithburgh 34, 40 

Northern GSV 35 

Adelaide 36 

Aldinga 43 

Kangaroo Island 41, 42 
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Figure 4.1  Map of Gulf St. Vincent showing the 8 fishery blocks used in the analyses of catch and effort data from 

the commercial jig fishery for southern calamary. The 3 areas of Smith (1983) are highlighted by a dotted line and a 

letter.  

 
Annual patterns of catch, targeted fishing effort and CPUE, 1984-1999 

An estimate of annual catch and targeted fishing effort was calculated for the 6 regions by 

pooling monthly data, for the period 1984-1999. Annual regional CPUE (kg.man-day-1) was 

calculated by dividing annual catch by the number of man-days spent jigging each year in that 

fishery region. The annual catch and targeted fishing effort for the whole gulf was calculated by 

aggregating the annual catch and effort across the 6 regions. An estimate of annual CPUE 

(kg.man-day-1) for the whole gulf was calculated by dividing the total catch by the number of 

man-days spent jigging each year.  
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Monthly patterns of catch, targeted fishing effort and CPUE, 1996-1999 

Monthly estimates of fishery-dependent CPUE (kg.man-day-1) were calculated for the period 

January 1996 to December 1999, for each of the 6 regions, by dividing the monthly commercial 

catch by the number of man-days spent by commercial fishers targeting southern calamary. 

These data were compared amongst regions, years and seasons using a univariate general linear 

model (SPSS, Type III sums of squares). 

 

4.2.2 Fishery independent data 
Monthly patterns of CPUE, 1996-1999 

A monthly fishery-independent estimate of CPUE was calculated for Myponga, Glenelg, Black 

Point and Stansbury by dividing the number of individuals caught on my sampling trips by the 

number of jigs used and hours fished. A summary of the completed sampling at each locality is 

presented in Table 4.2. The sampling protocol and methodology were described in Chapter 2. 

The locality Middle was excluded from this analysis as fishing effort was unquantified.  

 
Table 4.2  Details of sampling trips undertaken at 4 localities in Gulf St. Vincent to estimate fishery-independent 

CPUE. Standard errors in brackets. 

 
 

Locality 

 

Sampling period 

 

No. of trips 

Mean sampling time 

per trip (jig hours) 

Mean no. of individuals 

caught per trip 

Myponga 1/11/96 - 10/12/98 22 19.6 (3.5) 112.2 (22.6) 

Glenelg 30/1/96 - 4/1/99 27 17.6 (3.7) 94.5 (16.9) 

Black Point 29/10/96 - 2/7/97 7 18.7 (2.5) 65.2 (12.6) 

Stansbury 28/10/96 - 8/10/98 19 20.6 (4.1) 88.7 (14.6) 

 
Monthly size distributions, 1996-1999 

Each individual caught from the 4 inshore localities and Middle was measured for DML (+ 1 

mm) and classified into one of 6 size classes; 0-50, 51-100, 101-150, 151-200, 201-250, >250 

mm. Size structures were analysed for differences amongst localities and variation through time. 

Because there were many zeros in the data, several size classes were pooled before analysis. 

Those considered in the analyses were; <100, 100-150, 151-200, 201-250 and >250 mm DML. 

This analysis was a univariate general linear model (SPSS, Type III sums of squares) with 

independent terms (fixed factors) of Season, Size class and Locality and their interactions. 

Significant interactions between these factors would indicate that the size structures varied 

amongst seasons and/ or localities. 
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Spatial patterns of distribution and abundance, May 2001 

A fishery-independent trawl survey was carried out in Gulf St. Vincent between 18th - 23rd May 

2001, using the RV Ngerin. A total of 120 stations in 3 zones were sampled (Fig. 4.2). Trawling 

was done at night using an otter trawl with a cod-end mesh size of 12 mm (stretched). All trawls 

lasted 10 minutes except one, which lasted 7 minutes. Very shallow habitats (< 10 m), and those 

dominated by hard bottom and beds of dense seagrass were avoided. After each trawl, the cod-

end was brought aboard and the contents of the net were emptied out on a sorting table and then 

sorted for southern calamary. These were counted and their length (DML) measured to the 

nearest millimetre. The Bhattacharya method (1967) was used to separate the length-frequency 

distributions into their component normal distributions.  

 

 
 
Figure 4.2  Map of Gulf St. Vincent showing the 120 stations sampled during the fishery-independent trawling survey 

of May, 2001. Each station was sampled with a 10 minute otter trawl, except the one indicated (red circle), which 

lasted only 7 minutes.  
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4.2.3 Physical environmental factors 

Poor water clarity is common after heavy rainfall or a prolonged period of strong winds, 

particular when onshore, in Gulf St. Vincent. To assess the effect of poor water clarity on 

relative abundance of southern calamary, 3 environmental parameters were considered as 

potential indices of water clarity and compared with monthly values of fishery-dependent CPUE. 

These indices were: 

1. mean monthly wind velocity; 

2. number of 3-hour periods per month when rainfall exceeded 0.01 mm; 

3. number of 3-hour periods per month when winds were both strong and offshore.  

 

Because water temperature is often suggested as having a significant influence on the 

distribution and abundance of cephalopods (Waluda and Pierce 1998), mean monthly water 

temperature was also compared with monthly estimates of fishery-dependent CPUE. The 

comparison of these physical environmental factors with fishery-dependent CPUE could only be 

done for Glenelg and Stansbury because of the lack of data for Myponga and Black Point. 

 

The National Tidal Facility supplied the weekly water temperature while 3-hourly wind velocity 

(km.hr-1), wind direction and rainfall data (mm) were downloaded from the Bureau of 

Meteorology database (website: http:// www.bom.gov.au/cgi-bin/). For the purposes of this 

study, winds >20knots were classified as strong. Offshore winds were from the northeast and 

southeast for Stansbury and from the southwest and northwest for Glenelg.  

 

Spearman’s rank correlation (rs) was used for the correlation analyses because of the non-

normality of the fishery-dependent CPUE data and because of the high sensitivity of the 

parametric correlation coefficient (Pearson’s r) to outliers. The significance of rank correlations 

was evaluated at the 95% level.  
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4.3 Results 

4.3.1 Fishery-dependent data 
Annual patterns of catch, targeted fishing effort and CPUE, 1984-1999 

(i) Gulf-wide analysis  

The total catch of the commercial jig fishery in Gulf St. Vincent fluctuated widely between 1984 

and 1992, then increased consistently until it peaked in 1998 at 126.4 t (Fig. 4.3). This peak 

catch coincided with a peak in targeted fishing effort of 4404 man-days (Fig. 4.3) and peak 

CPUE of 28.71 kg.man-day-1 (Fig. 4.4). In 1999, the total catch dropped for the first time since 

1992 to its lowest level in 5 years. This 18.2% drop in total catch was largely due to a 12.1% 

decline in targeted fishing effort. While the strong relationship between total catch and targeted 

fishing effort has been a feature of the commercial jig fishery in Gulf St. Vincent (Table 4.2), 

particularly since 1993 (Fig. 4.3), this has not always been so. Highlighting this was the catch 

and fishing effort of 1987-1992, when total catch ranged from 47.7 t to 82.3 t even though 

targeted fishing effort remained relatively constant. Trends in gulf CPUE fluctuated widely 

between 1984 and 1992, then gradually increased until 1998 before falling marginally in 1999. 

This was very similar to the trend seen in total catch, particularly from 1986 onwards (cf. Fig 4.3 

with Fig. 4.4).  

 
Figure 4.3  Annual catch and targeted fishing effort of the commercial jig fishery for southern calamary in Gulf St. 

Vincent since 1984. In this figure, targeted fishing effort is shown as a line. 
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Figure 4.4  Annual CPUE of the commercial jig fishery for southern calamary in Gulf St. Vincent since 1984.  

 

(ii) Regional analysis  

Annual landings of southern calamary have increased dramatically in most of the 6 regions since 

the late 1980s and early 1990s (Fig. 4.5). This was most evident at Aldinga, where landings 

increased from 0.2 t in 1986 to just under 25 t in 1999, due largely to a 35-fold increase in 

fishing effort. Increases in landings in the other regions were also largely due to increases in 

fishing effort. The only region that was contrary to the trend of increasing catches over the last 

decade or so was Cape Jervis, where landings have fluctuated consistently around the long-term 

mean of 50 t since 1993. As with most regions, these fluctuations were correlated to changes in 

fishing effort (Table 4.3).  
 
Table 4.3  Results from correlation analyses of annual catch of the commercial jig fishery for southern calamary with 

targeted fishing effort and CPUE in 6 fishery regions of Gulf St. Vincent between 1984 and 1999. Level of 

significance: ns = not significant as P>0.05; * = P <0.05; ** = P <0.01; and *** P <0.001. n is sample size. 

 

  Targeted fishing effort  CPUE  

Fishery region Fishery blocks n rs P n rs P 

Edithburgh 34, 40 16 0.84 *** 16 0.92 *** 

Northern GSV 35 16 0.10 ns 16 0.89 *** 

Adelaide 36 16 0.86 *** 16 0.78 *** 

Kangaroo Island 41, 42 16 0.92 *** 16 -0.52 ** 

Aldinga 43 16 0.99 *** 16 0.81 *** 

Cape Jervis 44 16 0.66 *** 16 0.85 *** 

Gulf St. Vincent 34-36, 40-44 16 0.85 *** 16 0.82 *** 
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Most commercial fishing effort in Gulf St. Vincent was centred near Cape Jervis; and so the 

catch from there was significantly higher than the other regions (Fig. 4.5). For example, in 1989, 

90.1% of the total catch from this gulf was landed in Cape Jervis. Since then, the proportion of 

the total catch taken from this region has gradually declined to about 43%.  

 
Figure 4.5  Annual catch and targeted fishing effort of the commercial jig fishery for southern calamary in 6 fishery 

regions of Gulf St. Vincent since 1984. In all these figures, targeted fishing effort is shown as a line (note the change 

in y-axis scale for Cape Jervis).  
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Estimates of CPUE have increased dramatically at Northern GSV, Edithburgh, Adelaide and 

Aldinga over the last 10-15 years (Fig. 4.6). The latter had the largest increase, from under 5 

kg.man-day-1 in 1984 to over 36 kg.man-day-1 in 1999. Contrary to this increasing trend were 

Cape Jervis and Kangaroo Island. CPUE fluctuated widely between 1984 and 1994 at Cape 

Jervis, then remained relatively constant there until it declined to just over 22 kg.man-day-1 in 

1999. At Kangaroo Island, CPUE was highest in the mid- to late-1980s when targeted fishing 

effort was low. The negative relationship between catch and CPUE was unique to Kangaroo 

Island, as catch in all the other regions was positively correlated with CPUE (Table 4.3). 

Figure 4.6  Annual CPUE of the commercial jig fishery for southern calamary in 6 fishery regions of Gulf St. Vincent 

since 1984. 
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Monthly patterns of catch, targeted fishing effort and CPUE, 1996-1999 

(i) Catch 

Monthly catch oscillated at all regions, but particularly at Aldinga, Edithburgh and Cape Jervis 

(Fig. 4.7). These oscillations seemed to follow a regular half-yearly cycle (i.e. 6 months of 

increasing catches and then 6 months of decreasing catches) within most regions that was 

consistent between years. The largest catches at Cape Jervis were typically taken in November 

each year, while the lowest catches in this region were taken in June and July. Although the 

frequency of these oscillations was consistent within regions, their timing was very different 

between regions. For instance, the peak catch at Cape Jervis was in November, whereas at all the 

other regions except Kangaroo Island, it occurred later on.  

 

Consistent with patterns of annual catch, changes in monthly catches were largely due to 

changes in targeted fishing effort. Indeed, a strong and positive relationship between monthly 

catch and targeted fishing effort was detected at all regions except Northern GSV (Table 4.3). 

Over the period 1996-1999, the 13,419 kg landed in Cape Jervis in November 1996 was the 

largest single monthly catch of any region (Fig. 4.7). The next 12 highest monthly catch levels 

also came from this region, explaining why total annual catch from Cape Jervis was more than 

triple that of any other region.  

 

As monthly catches were consistent between years (F = 1.23, df = 33, P>0.05), a mean monthly 

value was calculated for each region, which showed that the month of peak catch for each region 

revealed a distinct cyclic pattern (Fig. 4.8). Catch peaked at Kangaroo Island in October, 

followed by Cape Jervis one month later. The timing of peak catch then proceeded in an 

anticlockwise direction around the gulf to the northern and western parts at a rate of ~30 km per 

month until the last peak was reached near Edithburgh in July. 
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Figure 4.7  Monthly catch and CPUE of the commercial jig fishery for southern calamary in 6 fishery regions of Gulf 

St. Vincent for the period January 1996 to December 1999. Catches in months with fewer than 5 fishers are excluded. 

In all these figures, a line represents CPUE (note the change in y-axis for Aldinga and Cape Jervis). 
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Figure 4.8  Mean monthly catch of the commercial jig fishery for southern calamary in 6 fishery regions of Gulf St. 

Vincent for the period January 1996 to December 1999. The largest catch at each of the regions is represented by a red 

dot. 
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(ii) CPUE 

Monthly fishery-dependent CPUEs were correlated with monthly catch in all regions (Table 4.3) 

and like monthly catch, oscillated on a regular 6-month basis (Fig. 4.7). Such oscillatory 

variation was particularly obvious at Aldinga, Edithburgh and Cape Jervis, the three most 

productive regions of Gulf St. Vincent, but less so at the other 3 regions. Despite this, monthly 

estimates of fishery-dependent CPUE were consistent between years (F = 1.14, df = 33, P = 

0.293). Subsequently, a mean monthly value was calculated for each region (Fig. 4.9), which 

showed that monthly CPUE typically peaked in each region 6 months after the lowest estimates 

of monthly CPUE were found. The timing of peak monthly CPUE conformed to the same cyclic 

pattern of monthly catch (cf. Fig. 4.8 with Fig. 4.9).  

 

Figure 4.9  Mean monthly CPUE (+ SE) of the commercial jig fishery for southern calamary from 6 fishery regions in 

Gulf St. Vincent for the period January 1996 to December 1999.  

0

10

20

30

40

50

Feb April June Aug Oct Dec
0

10

20

30

40

50

Feb April June Aug Oct Dec

0

10

20

30

40

50
Aldinga

Adelaide

Edithburgh

Cape JervisKangaroo Island

Northern GSV

CP
U

E 
(k

g.
m

an
-d

ay
-1

)

Month

0

10

20

30

40

50

Feb April June Aug Oct Dec
0

10

20

30

40

50

Feb April June Aug Oct Dec

0

10

20

30

40

50

0

10

20

30

40

50
Aldinga

Adelaide

Edithburgh

Cape JervisKangaroo Island

Northern GSV

CP
U

E 
(k

g.
m

an
-d

ay
-1

)

Month



Chapter 4  Patterns of Distribution and Abundance 

 62

In the analysis of monthly fishery-dependent CPUE, the factors Region and Season were highly 

significant, indicating that there were large seasonal differences in the timing of these 

oscillations amongst the 6 regions (Table 4.4). The significant interaction between Region and 

Season also indicated that the seasonal trends in oscillations differed among regions. Higher 

rates of fishery-dependent CPUE were obtained in Aldinga, Cape Jervis, Glenelg and Kangaroo 

Island in the warm months, with lower rates in the cool months (Table 4.5). The opposite was 

true for Edithburgh and Northern GSV, where the lowest values of fishery-dependent CPUE 

were found in summer and the highest in winter and autumn. When regional catch rates were 

compared amongst years, significant differences were found at Adelaide, Northern GSV and 

Edithburgh. In these regions, fishery-dependent catch rates in 1998 and 1999 were significantly 

higher than those of 1996 (Table 4.6). Such similarities indicate that annuals trends in fishery-

dependent CPUE at these 3 regions may be linked.  
 
Table 4.4  Summary of results of General Linear Model on fishery-dependent CPUE (kg.man-day-1) for southern 

calamary from 6 fishery regions in Gulf St. Vincent. Level of significance: ns = not significant as P>0.05; * = P 

<0.05; ** = P <0.01; and *** P <0.001.  

 

Source Type III Sum of Squares df Mean square F P 

Corrected model 26421.4a 95 278.1 2.55 *** 

Intercept 154307.4 1 154307.4 1415.4 *** 

Region 3252.5 5 650.5 5.97 *** 

Year 2293.3 3 764.4 7.01 *** 

Season 3088.2 3 1029.4 9.44 *** 

Region * Year 3686.8 15 245.8 2.25 ** 

Region * Season 8298.3 15 553.2 5.07 *** 

Year * Season 804.6 9 89.4 0.82 ns 

Region * Year * Season 4997.9 45 111.1 1.02 ns 

Error 20932 192 109   

Total 201660.8 288    

Corrected total 47353.4 287    
a r2 = 0.56 
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Table 4.5  Comparison of fishery-dependent CPUE (kg.man-day-1) for southern calamary amongst 6 fishery regions 

for each season. Means are presented in decreasing order of magnitude and results of comparisons amongst means by 

LSD tests are indicated. Means are not significantly different when they share the same underline. 
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Table 4.6  Comparison of fishery-dependent CPUE (kg.man-day-1) for southern calamary amongst 6 fishery regions 

for the years 1996-1999. Means are presented in decreasing order of magnitude and results of comparisons amongst 

means by LSD tests are indicated. Means are not significantly different when they share the same underline. 
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4.3.2 Fishery-independent data 
Monthly patterns of CPUE, 1996-1999 

Fishery-independent CPUE oscillated at Myponga, Glenelg and Stansbury (Fig. 4.10). 

Consistent with fishery-dependent CPUE, these oscillations seemed to follow a regular half-

yearly cycle (i.e. increasing for 6 months and then decreasing for 6 months). There was 

insufficient data to determine trends at Black Point. At Myponga and Glenelg, fishery-

independent CPUE was highest in spring and summer and lowest during autumn and winter. The 

reverse was found at Black Point and Stansbury, where higher rates were obtained in winter and 

spring than summer and autumn. Fishery-independent CPUE was highly correlated with fishery-

dependent CPUE at all 4 inshore localities (Table 4.7). 

 
Figure 4.10  Monthly estimates of fishery-independent CPUE for southern calamary from 4 localities in Gulf St. 

Vincent for the period January 1996 to April 1999. Red dotted lines represent predicted values. 
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Table 4.7  Correlation between fishery-independent and fishery-dependent CPUE at 4 localities in Gulf St. Vincent. 

Level of significance: ns = not significant as P>0.05; * = P <0.05; ** = P <0.01; and *** P <0.001. n is sample size.  

 
Locality n Pearson’s r P 

Myponga 24 0.88 *** 

Glenelg 29 0.85 ** 

Black Point 7 0.82 * 

Stansbury 19 0.69 ** 

 

(i) Size distribution 

Comparisons of monthly length frequency distributions among the 4 inshore localities revealed 

few differences in population structure (Tables 4.8 & 4.9). This was in contrast to those found 

between the inshore and offshore localities. Individuals from the offshore locality Middle were 

significantly smaller than those found on the 4 inshore localities (Fig. 4.11). Also, length-

frequency distributions of the former were narrow and unimodal, which was different to the 

occasionally bimodal distributions and broad size (e.g. spring sample from Glenelg) found in the 

4 inshore localities (Fig. 4.11).  

 
Table 4.8  Summary of results of General Linear Model on sample data for southern calamary taken from 5 localities 

in Gulf St. Vincent by fishery-independent sampling between January 1996 and January 1999. Level of significance: 

ns = not significant as P>0.05; * = P <0.05; ** = P <0.01; and *** P <0.001.  

 
Source Type III Sum of Squares df Mean square F P 

Corrected model 7.43a 99 0.075 12.9 *** 

Intercept 7.39 1 7.39 1269 *** 

Season 6.6 x 10-8 3 <0.0001 0.00 ns 

Locality 1.16 4 0.3 50 *** 

Size class 1.16 4 0.29 49.6 *** 

Season * Locality 6.2 x 10-7 12 5 x 10-8 0.00 ns 

Season * Size class 0.29 12 0.024 4.172 *** 

Locality * Size class 5.14 16 0.32 55.2 *** 

Season * Locality * Size class 0.391 48 0.0081 1.4 ns 

Error 0.669 115 0.0058   

Total 16.7 215    

Corrected total 8.1 214    
a r2 = 0.92 
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Table 4.9  Comparison of the percentage of southern calamary caught in 5 size classes from 5 localities in Gulf St. 

Vincent by fishery-independent sampling between 1996-1999. Means are presented in decreasing order of magnitude 

and results of comparisons amongst means by LSD tests are indicated. Means are not significantly different when they 

share the same underline 
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Figure 4.11  Seasonal size-frequency distributions of southern calamary collected from Myponga, Glenelg, Black 

Point and Stansbury by hand jigging and from Middle as a by-catch of prawn trawling during spring 1996 and autumn 

1997. 
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Spatial patterns, May 2001 

A total of 1689 southern calamary were caught in the trawl survey. Some were taken at all 

stations except one and abundances were relatively even across the gulf (Fig. 4.12). The Central 

Zone had an average of 16.59 individuals per trawl, the highest density of the 3 zones (Fig. 

4.13a). The Northern Zone had an average of 13.63 per trawl, but also had one trawl with 76 

animals, the highest single catch (Figs 4.12 & 4.13a). The lowest abundance of southern 

calamary was found in the Southern Zone, but was not significantly different to that found 

elsewhere (F = 1.92, df = 2, P>0.05).  
 

 
 
Figure 4.12  Map of Gulf St. Vincent showing the distribution and abundance (number of individuals per 10 minute 

trawl) of southern calamary caught in 120 trawls done in May 2001. 
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Within zones, abundance was higher in waters ranging from 20 to 30 m in depth than in 

shallower (<20 m) or deeper (>30 m) waters (Fig. 4.13b). But, as these differences in abundance 

were not significantly different (F = 0.48, df = 2, P>0.05), it suggested that water depth did not 

have a significant effect on the pattern of dispersion of southern calamary in Gulf St. Vincent.  

 
Figure 4.13  Error plots of southern calamary abundance in (A) 3 zones of Gulf St. Vincent and at (B) different depths 

of water caught in 120 trawls done during May 2001. Sample sizes on which abundances are based are indicated 

above error plot.  

 

(i) Size distributions 

The Central Zone had a bimodal size distribution with one mode of 30 mm, and the other at 90 

mm DML (Fig. 4.14a). This was very different to the Northern and Southern Zones, which both 

had unimodal size distributions around the mode of 90-100 mm DML.  

 

Clear differences in population structure were found between different water depths (Fig. 4.14b). 

Two clear modes were apparent for waters less than 20 m deep, one at 30 mm DML and the 

other at 130 mm DML. In comparison, a unimodal size distribution around the mode of 80-90 

mm DML was found in deeper waters. Most individuals <30 mm and >150 mm DML were 

found in waters less than 20 m in depth, which explains why the size range of southern calamary 

from the shallow waters (15-262 mm DML) was 58 mm and 70 mm DML broader than from 

waters >30 m and those 20-30 m deep in depth, respectively.  
 

                                        

                                        

                                        

                                        

                                        

                                        

                                        

                                        

                                        

Northern Central Southern
8

10

12

14

16

18

20
                                        

                                        

                                        

                                        

                                        

                                        

                                        

                                        

                                        

<20 m 20 to 30 m >30 m

B. 

N
um

be
r 

of
 in

di
vi

du
al

s 
pe

r 
tr

aw
l

Zones Depth of water

34

35

23

53

32

63

A.
                                        

                                        

                                        

                                        

                                        

                                        

                                        

                                        

                                        

Northern Central Southern
8

10

12

14

16

18

20
                                        

                                        

                                        

                                        

                                        

                                        

                                        

                                        

                                        

<20 m 20 to 30 m >30 m

B. 

N
um

be
r 

of
 in

di
vi

du
al

s 
pe

r 
tr

aw
l

Zones Depth of water

34

35

23

53

32

63

A.



Chapter 4  Patterns of Distribution and Abundance 

 71

 

Figure 4.14  Size distribution of southern calamary from (A) 3 zones in Gulf St. Vincent and from (B) different 

depths of water caught in 120 trawls done during May 2001. Modes estimated using the Bhattacharya method (1967) 

are shown as arrows.  

 

4.3.3 Physical environmental factors 
Water temperature 

From January 1996 to December 1999, the temperature profile at Glenelg varied seasonally from 

11.9ºC to 23.1ºC. That of Stansbury was similar, but lagged the former by 1-2 months (Fig. 

4.15). There was a significantly positive relationship between fishery-dependent CPUE and 

water temperature at Glenelg, with the highest CPUE recorded when the water temperature was 

warmest (21-23ºC), whilst the coolest temperatures (<13ºC) often coincided with the lowest 

catch rates (Table 4.10). On the other hand, the relationship between fishery-dependent CPUE 

and water temperature was not significant at Stansbury.  
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Figure 4.15  Mean monthly water temperatures (+ SE) recorded at 2 localities in Gulf St. Vincent, between January 

1996 and December 1999.  

 
Table 4.10  Correlation between 4 physical environmental factors and fishery-dependent CPUE at 2 localities in Gulf 

St. Vincent. Level of significance: ns = not significant as P>0.05; * = P <0.05; ** = P <0.01; and *** P <0.001. 

 
  Glenelg  Stansbury 

 n rs P n rs P 

Monthly mean water temperature  48 0.35 * 48 0.233 ns 

Monthly mean wind velocity 48 0.135 ns 48 -0.57 *** 

Strong onshore winds 48 -0.087 ns 48 -0.071 ns 

Rainfall periods >0.01mm 48 -0.22 ns 48 -0.23 ns 

 
Water clarity 

Significant differences in wind velocity were detected between Glenelg and Stansbury (t =-13.3, 

n = 60, P<0.0001), with winds from the latter always stronger (Fig. 4.16). There was a 

significant inverse relationship between fishery-dependent CPUE and wind velocity at 

Stansbury, which indicated that the CPUE was higher here when winds were light (Table 4.10). 

No other tests between fishery-dependent CPUE and water clarity indices were significant at 

Stansbury or Glenelg.  
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However, the high proportion of inverse relationships between fishery-dependent CPUE and 

indices of water clarity at these localities suggested that catch rates declined when water clarity 

was poor. There are two likely explanations for this. Either the catchability of southern calamary 

dropped when waters were murky or, the relative abundance of southern calamary was lower at 

this time. 

 
Figure 4.16  Mean monthly wind velocity (+ SE) recorded at 2 localities in Gulf St. Vincent, between January 1996 

and December 1999.  
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4.4 Discussion 

Annual landings of southern calamary from Gulf St. Vincent were highly variable. This was 

highlighted by the catch data of 1988-1989, when the annual gulf catch almost doubled in the 

space of one year. Such variability in landings is typical of cephalopod fisheries where there are 

no catch quotas (e.g. Todarodes pacificus, Murata 1989; Illex argentinus, Basson et al. 1996), 

and suggests high-inter-annual variability in recruitment.  

 

4.4.1 Reliability of CPUE data 

Fishery-dependent CPUE data remain the most viable means of assessing long-term variation in 

spatial and temporal patterns of distribution and abundance of most cephalopods. The underlying 

assumption in using such data is that they accurately reflect changes in population abundance 

(King 1995), which may not always hold true (Baelde 1991; Hilborn and Walters 1992). Many 

problems with fishery-dependent CPUE relate to the differences between the ways fishing effort 

is measured (apparent effort), and the way in which effort may change in efficiency (effective 

effort). If not corrected for, changes in effective effort may be mistakenly interpreted as an 

increase in abundance (King 1995).  

 

This was a likely problem for the southern calamary jig fishery over the period late 1980s and 

early- to mid-1990s, when technological advances such as prawn-shaped squid jigs, colour echo 

sounders and Global Positioning System were introduced into this fishery. Since the mid 1990s, 

little has changed in the gear used. For this reason, it is hypothesised that from 1996 onwards, 

fishery-dependent CPUE data are a reliable estimate of the relative abundance of southern 

calamary over time and area. Limited evidence supports this hypothesis. The spatial and 

temporal trends in fishery-independent data over the period 1996-1999, which were standardised 

for the duration of the study (i.e., the same gear and methods were used for each sampling trip), 

were strongly correlated with the trends in the fishery-dependent CPUE data in times and 

regions of overlap (Table 4.7).  

 

As all estimates of fishery-independent CPUE were derived from samples collected when the 

water clarity was excellent, it was unlikely these values were biased by changes in the 

catchability of southern calamary. The analysis of distribution and abundance patterns in this 

chapter was therefore based on the assumption that fishery-dependent CPUE from 1996 onwards 

reliably represented relative abundance patterns of southern calamary. 



Chapter 4  Patterns of Distribution and Abundance 

 75

4.4.2 The distribution of southern calamary in Gulf St. Vincent 

Southern calamary were ubiquitous throughout Gulf St. Vincent, although they were unevenly 

dispersed with respect to size. Very small (<30 mm DML) and large individuals (>150mm 

DML) were predominantly found in shallow, inshore waters (< 20 m), whereas the deeper waters 

of the offshore grounds were occupied by small to medium individuals. This spatial segregation 

by size is unlikely to be due to gear selectivity prawn trawlers operating in shallower waters of 

this gulf, and other parts of South Australia, such as Spencer Gulf and the Far West coast, often 

catch large individuals (Neil Carrick, SARDI Aquatic Sciences, pers. comm.). In addition, such 

segregation is common among loliginids (e.g. Loligo vulgaris, Worms 1983; L. gahi, Hatfield et 

al. 1990; and L. vulgaris reynaudii, Sauer and Smale 1993), as is having offshore nursery 

grounds and inshore spawning grounds (Loligo vulgaris, Worms 1983; L. gahi, Hatfield et al. 

1990; L. vulgaris reynaudii, Sauer and Smale 1993).  

 

The reasons for this are unknown, but Mangold (1987) has proposed that it may be related to the 

effect that sunlight level has on gonad maturation and spawning behaviour. High light intensity 

has been found to stimulate spawning in cephalopods, and at the same time, has a strong 

inhibitory effect on gonad maturation (e.g. Sepia officinalis hierredda; Mangold 1987). On the 

other hand, low levels of light intensity accelerate maturation and inhibit spawning (Mangold 

1987). Thus, small southern calamary may move into deeper, offshore waters to avoid the 

intense sunlight in shallow waters. It is speculated that when these individuals approach sexual 

maturity (Chapter 6), they migrate inshore where they experience high levels of light intensity 

that triggers spawning and plenty of suitable sites for eggs mop attachment (Chapter 7). Size-

frequency distributions of the large individuals (>150 mm DML) found inshore were often 

bimodal and probably reflect the large differences in growth between sexes (Chapter 5).  

 

4.4.3 Temporal patterns in distribution and abundance of southern calamary 

A large proportion of the southern calamary caught in the inshore waters of Gulf St. Vincent 

were landed near Cape Jervis and Aldinga during spring and summer. Catches in these 2 regions, 

like all regions, fluctuated widely on a seasonal basis. A contributing factor to these fluctuations 

was changes in targeted fishing effort. Changes in targeted fishing effort seemed to be largely 

driven by changes in abundance, i.e. in times of high abundance, targeted fishing effort was 

high, presumably reflecting a shift of fishing effort towards southern calamary away from other 

species. Conversely, targeted fishing effort for this species declined sharply in times of low 

abundance.  
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Abundance of southern calamary oscillated at a regular interval in each region, typically 

increasing for 6 months, peaking and then declining for 6 months. The time of peak in 

abundance varied markedly among regions, but closely adhered to a predictable, seasonal 

pattern. Abundance peaked at Kangaroo Island during October, after which it occurred 

sequentially, following an anticlockwise direction around the gulf at a rate of ~30km per month, 

until it finally peaked at Edithburgh, the lowermost south-western point of Gulf St. Vincent 

during late winter. Soon after peaking at Edithburgh, abundance peaked at Kangaroo Island 

again and recommenced the annual cycle.  

 

4.4.4 What causes this sequential peak in abundance around Gulf St. Vincent? 

Physical environment factors, such as water temperature and water clarity, have been widely 

reported in the literature for influencing the patterns of distribution and abundance of 

cephalopods (Roberts and Sauer 1993; Pierce et al. 1998; Waluda and Pierce 1998). For this 

reason, the relationship between abundance patterns of adults and these two environmental 

factors was examined at two localities in Gulf St. Vincent. Whilst there was a strong and positive 

correlation between fishery-dependent CPUE and water temperature at Glenelg, no such 

correlation was observed at Stansbury. This indicated that water temperature was unlikely to be 

a major factor behind the oscillating pattern of adult abundance.  

 

At Glenelg, fishery-dependent catch rates were highest when water clarity was high and lowest 

at times of poor water clarity. A similar pattern was observed at Stansbury, implying that the 

abundance patterns of adults may be determined by seasonal variation in water clarity.  

 

Oscillating patterns in catch and fishery-dependent CPUE, similar to those documented here for 

southern calamary, have been previously described for Loligo vulgaris reynaudii in the inshore 

waters off the west coast of South Africa (Sauer et al. 1992). They were attributed to changes in 

spawning behaviour, as influenced by changes in several environmental variables including 

water clarity (Roberts and Sauer 1993). Given the similarities in the trends of catch and catch 

rates between these two species, it is possible that the trends in fishery-dependent CPUE of 

southern calamary also oscillated due to the spawning behaviour of the species. This is 

considered in detail in Chapter 7.  
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4.4.5 Conclusions 

The distribution and abundance patterns of southern calamary were highly variable, fluctuating 

in time and place. These fluctuations conformed to a seasonal, systematic pattern that was 

consistent amongst years. It was possible that these patterns were determined by seasonal 

variations in water clarity. From a management perspective, knowledge of the timing and degree 

of these changes is potentially very helpful to the management of the southern calamary fishery, 

especially if strategies focused on measures such as seasonal or spatial closures are used to 

ensure to control fishing effort. This is because it potentially allows the maximisation of catch 

while minimising the disruption to the fishery.  

 

In the next 3 chapters, I begin to explore the processes that may contribute to these patterns in 

abundance. 
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CHAPTER 5: AGE AND GROWTH 

5.1 Introduction 

Fundamental to understanding the population dynamics and life-history of any marine species is 

knowledge of its patterns of growth (Beamish and McFarlane 1983). Such knowledge can be 

used to estimate numerous other age-specific parameters such as longevity, hatching dates, age 

at maturity, age at migration to nursery grounds, age at recruitment to the fishery (King 1995; 

Quinn and Deriso 1999). Age composition data can also be used to construct catch curves from 

which mortality rates are calculated (King 1995). Such data are imperative for the proper 

assessment and management of any fishery on that species.  

 

Cephalopods are generally fast growing animals with a short lifespan (reviewed by Jackson 

1994). Most temperate loliginids live for about one year (Arkhipkin 1995, 2000; Hatfield 2000), 

whereas tropical species typically have a life-span of less than eight months (Jackson 1990, 

1994). Cephalopod growth tends to be highly variable amongst individuals (Hatfield 2000), and 

with no asymptotic size limits (Alford & Jackson 1993). The most commonly cited factor 

causing growth variability in cephalopods is water temperature (Jackson 1994; Jackson et al. 

1997; Hatfield 2000; Villanueva 2000), but there are many others, including: include 

intraspecific genetic variation (Triantafillos, submitted); food availability (Brodziak and Macy 

1996; González et al. 2000); population density (Dawe 1988); and sexual maturation (Collins et 

al. 1995a; Moltschaniwskyj 1995). Relatively small differences in growth, particularly during 

the juvenile phase, may lead to substantial variation in size, thus ultimately having a significant 

impact on size and age structures of populations (Grist and des Clers 1999).  

 

To date, three techniques have been used to determine the age and growth of southern calamary. 

These are (1) analysis of length-frequency distributions (Smith 1983), (2) direct measurement 

from capture/ mark-recapture experiments (Smith 1983), and (3) analysis of statolith 

microincrements (Pecl 2000; Triantafillos, submitted). In Gulf St. Vincent, the analysis of 

length-frequency and tag-recapture data indicated that males grew more quickly than females 

and that the life-span of most southern calamary (those less than 240 mm DML) was twelve 

months, but the larger individuals (up to 380 mm DML) took up to two years to reach that size 

(Smith 1983).  
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Estimates of age recently determined from counts of microincrements in statoliths suggested that 

the life-span of southern calamary from western South Australia, Western Australia, New 

Zealand, (Triantafillos, submitted) and Tasmania (Pecl 2000) was less than one year and that 

growth was much quicker than that indicated by the length-frequency analysis and tag-recapture 

data of Smith (1983).  

 

In agreement with Smith (1983), large differences in growth between sexes, with males growing 

faster and to a larger size than females, were observed for southern calamary from western South 

Australia, Western Australia and New Zealand (Triantafillos, submitted). However, no gender 

differences in growth were found for southern calamary from Tasmania (Pecl 2000). The large 

differences in growth between geographic regions suggested that the populations from warmer 

places grew fastest (Triantafillos, submitted). This is consistent with Pecl (2000), who found that 

southern calamary from Tasmania that hatched in the cooler months grew more slowly than 

those hatched in the warmer months. Given the variability in the growth of southern calamary on 

a geographic scale, growth may also vary on a local scale. In these instances, it is important to 

know how much growth does vary.  

 

As many methods as possible should be used to estimate growth, which, because they are 

fundamentally different, will provide a test of relative performance (Hilborn and Waters 1992).  

 

This chapter described the patterns of growth in southern calamary from Gulf St. Vincent. The 

three specific objectives were:  

1. to estimate growth and determine the reliability of these estimates using three different 

techniques, namely (1) ELEFAN length-frequency analysis, (2) capture/ mark-recapture 

experiment, and (3) statolith microincrement counts;  

2. to provide reliable estimates of basic life-history parameters, including longevity and 

growth rates;  

3. to compare growth between five localities and between seasons to provide some basis 

for consideration about the environmental influences that may affect growth.  
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5.2 Materials and methods 

5.2.1 Length-frequency sampling 

Between October 1996 and January 1999, southern calamary were collected from Glenelg on a 

monthly basis by jigging. This methodology is described in Chapter 2. A total of 28 monthly 

samples were collected, with a mean of 86.9 individuals per sample (Table 5.1). The DML of 

each individual was measured to the nearest millimetre. Length frequency distributions were 

constructed and analysed using ELEFAN, which is part of the FAO-ICLARM Stock Assessment 

Tools (FiSAT) software package (Gayanilo et al. 1994). To minimise possible effects of 

differences in growth between the sexes, the length-frequency data were analysed separately for 

males and females. ELEFAN was also used to analyse the length-frequency data from 15 

samples taken from Middle by prawn trawlers between March 1996 and May 1998 (Chapter 2). 

These were mostly juveniles and were not divided by sex in the analysis. 

 
Table 5.1  Details of the samples used in the analysis of length frequency for southern calamary. n is sample size. 

 
Sex Locality Sampling period Capture method Samples n Size range (mm) 

Juveniles Middle (offshore) 14/3/96 - 30/5/98 Prawn trawling 15 1120 35-178 

Females Glenelg (inshore) 30/1/96 - 4/1/99 Jigging 28 808 110-309 

Males Glenelg (inshore) 30/1/96 - 4/1/99 Jigging 28 1624 101-425 

 

5.2.2 Capture/ mark-recapture experiment 

Growth of adult southern calamary from Myponga and Glenelg was estimated for the period 

November 1997 to March 1998 using a capture/ mark-recapture experiment. Individuals were 

caught by jigging, and only those that were not injured were selected for tagging (n = 1009). 

Two types of Hallprint™ tags were used; T-bar (n = 789) and streamer tags (n = 220). The T-bar 

tags consisted of an 18 mm T-shaped anchor, were 60 mm long, 2 mm in diameter and either 

orange, yellow or blue. The streamer tags were 100 mm long, 4 mm wide and blue in colour. 

Each tag was labelled with a unique number and with instructions for returning the tag. When a 

solitary animal was caught, it was immediately measured, tagged and released, within a minute. 

When multiple animals were caught, they were held in aerated holding tanks located on the deck 

of the research vessel, and were processed within 20 minutes of capture. To minimise artefacts 

associated with tagging, the author inserted all tags. Ideally, the tag was anchored between the 

mantle and fin, at an angle of about 45o, avoiding the internal organs, especially the gonads. 

 

 



Chapter 5  Age and Growth 

 81

DML (to the nearest mm), tag number, geographic position and date of release were recorded for 

each tagged individual, and in most instances, sex and maturity stage (described in Chapter 6). It 

was possible to determine sex because individuals usually became translucent when captured, 

clearly revealing their gonads. Because this study was done during the spawning season, nearly 

all southern calamary tagged were sexually mature (Chapter 6). Of 36 immature individuals, 

only 2 could not be accurately sexed because their gonads were too small, and so were recorded 

as “juveniles”.  

 

The tagging program was advertised in several recreational fishing guides and at the boat ramps 

near the tagging locations. A reward of $10 was paid for information on DML and on the date 

and location of recapture.  

 

The average growth rate (mm.day-1) of each recaptured animal was calculated from the equation: 

Growth rate =
12

12

tt
LL

−
−

, 

where L1 is the release length at time t1 and L2 the recapture length at time t2. Only individuals 

that were at liberty longer than 3 days and whose recapture lengths were measured to the nearest 

millimetre were included in the analysis (n = 71). 

 

5.2.3 Statolith microincrement analysis 
Preparation and ageing 

From March 1996 to October 1997, a sub-sample of approximately 20 females and 25 males was 

removed on a quarterly basis from each of the 4 inshore localities (Table 5.2), proportionally to 

the abundance of their size-class. A separate sampling regime was used for Middle because of 

the lack of adults in these deeper offshore waters of Gulf St. Vincent. Here, a sub-sample of 

approximately 50 individuals, which included all females and males, were removed on a 

quarterly basis between March 1996 and February 1997 (Table 5.2).  

 

Each individual was weighed to the nearest 0.1 gram, the statoliths were dissected out and stored 

dry in a plastic immunoassay microplate, awaiting preparation. Terminology for analysis of 

statolith microstructure follows Lipinski (1991) and Jackson (1994).  
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Table 5.2  Details of samples used in the analysis of statolith microstructure for estimating age of southern calamary.  

 
Locality Sampling period Samples Capture method Juveniles Females Males 

Myponga  24/11/96-30/9/97 4 Jigging  92 106 

Glenelg  11/3/96-22/9/97 5 Jigging 1 71 102 

Black Point  29/10/96-2/7/97 4 Jigging  83 140 

Stansbury  24/12/96-8/10/97 4 Jigging  61 92 

Middle 14/3/96-5/2/97 4 Prawn trawling 130 16 16 

   TOTAL 131 323 456 

 

The method used to prepare the statoliths was modified from that of Lipinski and Durholtz 

(1994). Prior to preparation, the statoliths were dried in a dry oven for 24 hours at 65ºC. After 

cleaning in alcohol, each one was embedded in thermoplastic cement (Crystal Bond©) with the 

ventral side projecting over the edge of a glass slide. The statolith was then ground, parallel to 

the plane that passed through the nucleus and dorsal dome (in a transverse plane), until the 

centre of the primordium was reached. The statolith was then polished. This process required the 

use of 1200 grit carborundum wet and dry paper and 2 grades of imperial lapping film (9µ and 

3µ). The extent and intensity of grinding was monitored continuously under a binocular light 

microscope (40x). This grinding removed the wing and rostrum of each statolith. The polished 

surface was then fixed to a glass slide with Crystal Bond© and ground down to a section thin 

enough for examination.  

 

A drop of immersion oil was smeared over the surface to clear scratch marks. Sections were 

viewed under a Zeiss compound microscope at 400x magnification. Microincrements were 

counted from the natal ring (nucleus) to the margin of the dorsal dome (Fig. 5.1), using a hand 

counter. The natal ring was a prominent structure bordering the edge of a distinctly opaque zone 

within the centre of the statolith (Fig. 5.1). It was determined by comparing the size of statoliths 

from 30 hatchlings with the size of the "first check" in the ground statolith of older southern 

calamary. At least 3 counts were made for each statolith. Counts were rarely accomplished in a 

straight line and it was usually necessary to transverse the statolith in either a dorsal or ventral 

direction to complete a count because the microincrements in some areas were obscure. When 

the 3 counts differed by less than 5%, their mean was used as an estimate of the number of 

microincrements. If the difference was greater, further counts were made until a satisfactory 

estimate of the number of microincrements was obtained, or the statolith was rejected (Fowler 

and Short 1996).  
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Figure 5.1  Light micrograph of southern calamary statolith, from a male of 213 mm DML caught on May 3, 1997. 

Arrow indicates natal ring; scale bar = 0.1 mm. 

 

Microincrements in the outermost margin of the dorsal dome could not be counted in 9% of the 

prepared statoliths. Consequently, the number in this marginal area was estimated by 

extrapolation, using the technique of Jackson and Choat (1992). This involved extrapolating the 

number of marginal microincrements from equivalent widths of submarginal areas. This was 

possible because there was no evidence that the pattern of spacing differed between submarginal 

and marginal areas. In all cases, these extrapolated counts constituted less than 3% of the total 

count.  
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Validation of statolith ageing methodology 

Attempts were made to validate (1) the number of microincrements between statolith pairs and 

(2) the temporal periodicity of statolith microincrement formation. For (1), the number of 

microincrements in both the left and right statoliths of 46 individuals were counted and 

compared. For (2), validation was attempted by introducing a chemical time marker into the 

statoliths. In this trial, 32 adults (13 females and 19 males) were captured from Glenelg during 

March 1998 and placed in a 40,000L tank. From the third day onwards, 2 individuals were 

removed each day and maintained in a Terramycin (Oxytetracycline hydrochloride; 

manufactured by Pfizer) bath (in a 1200L tank) for between 2-12 hours. The concentration of 

these baths varied from 100-300mg/L. Following this, each treated animal was tagged with a T-

bar tag, placed back into the 40,000L tank, fed on live baitfish and shrimp, and maintained for a 

period of up to 15 days post staining. After 23 days, all remaining southern calamary were killed 

and their statoliths were removed, whilst ensuring to minimise their exposure to light. The 

statoliths were subsequently stored in the dark in individually-labelled vials. Following 

preparation, the microstructure of each statolith was examined using a Leica microscope (400x) 

with ultraviolet light.  

 

A second trial at determining the periodicity of microincrement formation was also attempted. In 

June 1998, 26 southern calamary (10 females and 16 males) were subjected to a bath of Alizarin 

Red (Sodium alizarin sulphonate; manufactured by Pfizer) for between 2-12 hours, after which 

each statolith was examined with transmitted light. The concentration of these baths varied from 

100-300mg/L. 

 
Growth rates 

Estimates of DML, total weight and age were used to estimate instantaneous relative growth 

rates (G) for each individual using the equation of Forsythe and Van Heukelem (1987): 

100
lnln

12

12 ×
−
−

=
tt

WW
G  

where W2 is the size (DML) at capture (or total weight) at time t2, and W1 is the size at hatching 

(or total weight) at time t1. Individual growth calculations assume a hatch weight and length of 

0.06 g and 4.8 mm DML, respectively, based on values measured from 60 hatchlings.  
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Hatch dates were estimated by subtracting the count of the statolith microincrements from the 

julian date of the day of capture. Week classes of hatching were defined by pooling squid into 

each week of hatching (Rodhouse and Hatfield 1990).  

 
Statistical analysis 

A univariate General Linear Model (GLM; Type III sums of squares) was applied to the log 

length-at-age and log total weight-at-age data using the SPSS statistical package. These GLMs 

included Locality, Sex and Hatching season as factors, with Log age as a co-variate, and the 

interaction terms of Locality * Sex, Locality * Hatching season and Locality * Sex * Hatching 

season. When a significant result was found, multiple comparisons amongst means were done 

using Least Significant Difference (LSD) tests.  

 

Several functions were fitted to the length- and total weight-at-age data, including power, 

exponential and linear. The von-Bertalanffy and Gompertz models were not used because there 

was no evidence of asymptotic growth. The curve of best fit was determined by the highest r2 

and lowest coefficients of variance of estimated parameters, as well as an examination of 

residuals for any systematic pattern. A Student's t test was used to test the significance of 

differences between pairs of curves (Zar 1984), while an analysis of covariance (ANCOVA) was 

used when more than two curves were compared.  
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5.2.4 Models 

The length-at-age data were fitted to the following model. Let ),( taL denote the size of southern 

calamary of age a  at time t , with an age at hatching of 0a  and an arbitrary reference time 0t . 

The size ),( taL is approximated by the ordinary differential equation  

),(),( taK
dt

tadL
= ),( taL , ,0 ∞<≤<∞− tt   ,0 ∞<≤<∞− aa   (1)  

where ),( taL  is the rate of growth of an individual of age t  at time t . Solution of equation 

(1), as an initial value problem with ),(),( 00
0

ttatLtaL
tt

−+=
=

 for 00 ttaa −≥−  or 

),(),( 00
0

ataaLtaL
aa

−+=
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I now consider a special case of equation (2) for )(2cos),( 0 sts
T

BKstasK −+=−+
π

, 

where 0K  is the mean rate of growth of an individual over a period of T  (=365.25 d), B  is the 

amplitude of the cosine curve, and st  is the age at which the growth rate maximizes. 0K , B  

and st  are the parameters to be estimated or specified. Under this assumption, equation (2) 

becomes 
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I fitted this last equation, which is based on Xiao (2000), for 00 ttaa −<−  and its sub-model 

(for 0=B ) into the data, using the nonlinear least squares method, under the assumptions that 

time started (i.e. time 0=t ) on 1 January 1960 (see Xiao 2000 for its significance), and errors 

in ),( taL follow independent normal distributions, with a mean of ),(ˆ taL and a constant 

variance of σ2 (Xiao 2000; his Fig. 1). To decide which of these two models gave a better fit to 

the data, a likelihood ratio test for nested models was performed (Bates and Watts 1988). 
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5.3 Results 

The relationship between length and total weight was best described by power functions for 

juveniles, females and males (Fig. 5.2). While the slopes of the curves between males and 

females were similar, the intercepts were different (F = 93.8, df = 1, 775, P<0.0001), indicating 

that at any given length, females were significantly heavier than males. 

 
Figure 5.2  Relationship between Total weight and DML for all juvenile, female and male southern calamary aged in 

this study. Power curves fitted. Also shown is summary of curve statistics. n is sample size. 
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5.3.1 Length-frequency analysis 

This analysis was done for samples taken from Glenelg and Middle. Differences in the values of 

best-fit (i.e. Rn) suggested that ELEFAN struggled to fit the length frequency data of males, but 

coped better with that from female and juvenile data (Table 5.3). This poor fit may explain why 

males had a significantly higher daily growth rate than juveniles when the average monthly 

growth rate (calculated as Lmax/life-span) of juveniles was much higher than that for either 

females or males. Estimates of Lmax were similar among sexes, ranging from 410 mm for 

juveniles to 480 mm for males, whilst the estimated life-span of adults was twice that of 

juveniles (Table 5.3). 

 
Table 5.3  Summary of the best-fit parameters and estimated life spans from length frequency data for juvenile, 

female and male southern calamary from 2 localities in Gulf St. Vincent. In this table, Rn is a goodness-of-fit index of 

ELEFAN, Lmax is the maximum length reached by southern calamary in the stock, Winter Point is the time of the year 

when growth rate is slowest and C expresses the amplitude of seasonal growth oscillation (Gayalino et al. 1994). 

 
Sex Locality Rn Lmax 

(mm) 

Growth rate 

(K, per day) 

Winter 

Point 

C Life span 

(months) 

Mean growth rate 

(mm per month) 

Juveniles Middle 0.27 427 0.42 0.91 1.0 16 26.7 

Females Glenelg 0.23 410 0.39 0.8 0.2 32 12.8 

Males Glenelg 0.14 480 0.75 0.77 1.0 34 14.1 

 

5.3.2 Capture/ mark-recapture experiment 

Most tagged animals were only at liberty for a very short period (Table 5.4), with the maximum 

being only 49 days, and with only 5 individuals recaptured after 30 days. Lengths recorded at the 

time of recovery for 35% of tagged individuals were equal to, or smaller than the length 

recorded at tagging (Fig. 5.3). This suggests that either the individuals contracted in size after 

tagging or there was measurement error. While it was not possible to delineate between these 

two, I was the only tagger in this study, and also found a similar proportion (30%) of shrinkage 

in the small number of recaptured individuals I measured. This suggested the recapture data 

were not overtly biased by measurement error and, were therefore, used in the analysis of 

growth. While shrinkage occurred for both sexes, it was slightly more prevalent among females 

(Table 5.4). Mean growth rate of males (0.46 + 0.24 mm.d-1) was higher than for females (-0.10 

+ 0.026 mm.d-1), but not significantly so (F = 2.3, df = 1, P>0.05). The mean relative growth 

rates of males were also higher than those of females, but again, these differences were not 

significant (F = 0.48, df =1, P>0.05). 
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Table 5.4  Summary of growth parameters for southern calamary tagged and recaptured from Glenelg and Myponga 

between November 1997 and March 1998. Standard errors in brackets. 

 
Sex Juveniles Females Males TOTAL 

No. of individuals tagged 2 399 608 1009 

No. of tags returned with DML data  0 27 44 71 

Mean time at liberty (days) - 8.5 (1.32) 13.1 (1.68) 11.3 (1.18) 

Maximum time at liberty (days) - 31 49 49 

Range of growth rates (mm per day) - -3.3 to 2.2 -2.33 to 8.67 -3.3 to 8.67 

No. of individuals with negative growth - 13 10 23 

Mean growth rate (mm. d-1) - -0.10 (0.26) 0.46 (0.24) 0.25 (0.182) 

Mean relative growth rate (%DML. d-1) - -0.01 (0.116) 0.2 (0.107) 0.121 (0.08) 

 
Figure 5.3  Frequency distribution of growth rates, as determined by capture/ mark-recapture analysis for southern 

calamary tagged and recaptured from Myponga and Glenelg between November 1997 and March 1998.  
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5.3.3 Statolith microincrement analysis  
Validation of statolith ageing methodology 

Both statoliths from 111 animals were weighed to the nearest 1  10-4g. Although these differed 

occasionally between left and right, there was no tendency for either side to be heavier (t = 0.14, 

n = 111, P>0.05). Counts of microincrements also showed no tendency for one side to be more 

numerous than the other (t = 1.24, n = 46, P>0.05). Consequently, either statolith was used for 

ageing in the population study.  

 

Unfortunately, no pigment bands were found in any statoliths from animals that had been treated 

with either Terramycin or Alizarin Red. Based on the ageing of known-age individuals in 

Tasmania, the microincrements in the statoliths of southern calamary from that region were 

validated as daily (Pecl 2000). The following results are based on the assumption that 

microincrements in statoliths from southern calamary in South Australia also form daily. 

 
Statolith growth  

There were significant positive relationships between statolith weight and both DML and total 

weight (Fig. 5.4), suggesting that statolith growth was proportional to somatic growth. Statolith 

weight (SW) ranged from 36 µg to 323 µg in individuals that ranged from 24 to 387 mm DML, 

and 8.3 to 1240.1 g in total weight. Power functions best described the relationships between 

statolith weight and DML, i.e. SW = 0.505  DML1.07 (r2 = 0.91, n = 111), and between statolith 

weight and total weight (TW): SW = 0.0057  TW2.148 (r2 = 0.95, n = 111).  

 

No significant differences were found in statolith weight between males and females over a 

common size or total weight range. However, as males grew to a larger overall size and weight, 

their statoliths attained much higher maximal weights (Fig. 5.4).  

 

The microstructure of statoliths from 1,011 southern calamary were examined. Of these, 101 

(9.99%) were discarded and excluded from further analysis due to having abnormal shape, being 

broken or difficult to read. Estimates of age from the remaining 910 statoliths ranged from 19 to 

284 days, varying with DML, sex, locality, and season of hatching (Table 5.5). The number of 

microincrements (SN) correlated strongly with the weight of the statoliths: SW = 0.003  

SN2.05, r2 = 0.87, n = 111, P<0.0001), indicating that individuals with more microincrements had 

larger statoliths (Fig. 5.4c).  
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Figure 5.4  Relationship between statolith weight and (A) DML (B) Total weight and (C) Age for juvenile, female 

and male southern calamary from Gulf St. Vincent. 
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Table 5.5  Mean size and age range of juvenile, female and male southern calamary from 5 localities in Gulf St. 

Vincent. n is sample size. Standard errors in brackets. 

 
Sex Site n Mean size (mm) Size range (mm) Mean age (d) Age range (d) 

Juveniles Middle 130 73.3 (29.9) 19-119 115.5 (38.0) 39-189 

Females Myponga  92 192.6 (28.2) 80-292 209.3 (24.1) 134-273 

 Glenelg  71 198.0 (30.9) 131-269 203.4 (23.6) 147-259 

 Black Point  83 194.9 (37.2) 65-273 206.5 (24.8) 118-259 

 Stansbury  61 198.2 (30.6) 126-290 187.9 (19.7) 150-236 

 Middle 16 130.4 (20.7) 103-161 162.8 (29.4) 108-217 

Males Myponga  106 229.4 (53.5) 131-369 203.3 (28.5) 140-279 

 Glenelg  103 253.5 (50.4) 107-377 222.4 (31.8) 119-284 

 Black Point  140 228.8 (46.0) 136-359 192.7 (24.3) 142-254 

 Stansbury  92 251.9 (57.1) 131-366 192.0 (25.7) 125-252 

 Middle 16 124.5 (15.7) 97-150 166.1 (20.7) 135-197 

 

Individual growth 

The growth in log DML of juvenile, female and male southern calamary hatched in different 

seasons from different localities was significantly different (see interaction term Locality * Sex * 

Hatching season in Table 5.6). A similar outcome was found for growth in log total weight (see 

interaction term Locality * Sex * Hatching season in Table 5.7). Subsequently, hatching season 

and locality were analysed separately for juveniles, females and males.  
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Table 5.6  Summary of results of General Linear Model comparing growth in log DML of juvenile, female and male 

southern calamary, with log age as a covariate. Level of significance: ns = not significant as P>0.05; * = P <0.05; ** = 

P <0.01; and *** P <0.001. Means are presented in decreasing order of magnitude and results of comparisons 

amongst means by LSD tests are indicated. Means are not significantly different when they share the same underline.  

 

Source Type III Sum of squares df Mean square F P 

Corrected model 228.5 44 5.19 434.3 *** 

Log age 40.9 1 40.9 3422 *** 

Locality 2.5 4 0.64 53.8 *** 

Sex 2.19 2 1.09 91.4 *** 

Hatching season 0.69 3 0.23 19.2 *** 

Locality * Sex 0.56 5 0.11 9.2 *** 

Locality * Hatching season 0.71 12 0.06 4.9 *** 

Sex * Hatching season 0.04 6 0.007 0.62 ns 

Locality * Sex * Hatching season 0.33 11 0.03 2.54 ** 

Error 10.3 865 0.01   

Total  24662 910    

Corrected total 238.8 909    
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Table 5.7  Summary of results of General Liner Model comparing growth in log total weight of juvenile, female and 

male southern calamary, with log age as a covariate. Level of significance: ns = not significant as P>0.05; * = P 

<0.05; ** = P <0.01; and *** P <0.001. Means are presented in decreasing order of magnitude and results of 

comparisons amongst means by LSD tests are indicated. Means are not significantly different when they share the 

same underline. 

 

Source Type III Sum of squares df Mean square F P 

Corrected model 1474.8 44 33.5 387.9 *** 

Log age 259.5 1 259.4 3003.2 *** 

Locality 14.9 4 3.71 43.0 *** 

Sex 6.6 2 3.3 38.2 *** 

Hatching season 4.98 3 1.6 19.1 *** 

Locality * Sex 3.39 5 0.67 7.8 *** 

Locality * Hatching season 6.39 12 0.53 6.1 *** 

Sex * Hatching season 0.63 6 0.1 1.2 ns 

Locality * Sex * Hatching season 2.03 11 0.18 2.1 * 

Error 74.7 865 0.009   

Total  27215.5 910    

Corrected total 1549.5 909    
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(i) Sex 

The relationship between DML and age was best described by power functions for juveniles, 

females and males (Fig. 5.5 & Table 5.8). Power functions also best described the relationships 

between age and total weight for juveniles, females and males. Common to all these 

relationships was the considerable variability in size for individuals of the same age. For 

example, at age 215 days, males differed by as much as 176 mm DML and 931.2 g, while for 

females the differences were as high as 105 mm DML and 463.3 g (Fig. 5.5). Significant 

differences were found in the relationship of log DML on log age between sexes (Table 5.9), 

with males attaining a larger size at a given age than females (Fig. 5.5). Significant differences 

were also found in the growth of log total weight between sexes (Table 5.9), with males heavier 

at a given age than females (Fig. 5.5). While these differences in growth of DML and total 

weight were evident from a young age, they were particularly apparent for individuals >200 days 

old. Despite these differences in growth rates, the life-spans of males and females were similar 

(Fig. 5.5). 
 
Table 5.8  Summary of curve parameters and associated statistics for DML-at-age and total weight-at-age power 

curves for juvenile, female and male southern calamary. Level of significance: ns = not significant as P>0.05; * = P 

<0.05; ** = P <0.01; and *** P <0.001. n is sample size. 

 
Curve Sex n Slope 95% C.I of Slope Intercept (ln a) r2 P 

DML  Juveniles 131 1.3 1.23 to 1.37 -1.88 0.91 *** 

 Females  323 1.15 1.06 to 1.24 -0.83 0.65 *** 

 Males 456 1.33 1.24 to 1.42 -1.60 0.64 *** 

Total Weight Juveniles 131 3.54 3.34 to 3.73 -13.8 0.91 *** 

 Females  323 2.78 2.53 to 3.02 -9.11 0.61 *** 

 Males 456 3.08 2.84 to 3.31 -10.4 0.59 *** 

 
Table 5.9  Analysis of covariance table, comparing both log DML and log total weight of males and females with log 

age as a covariate. Level of significance: ns = not significant as P>0.05; * = P <0.05; ** = P <0.01; and *** P <0.001.  

 
  df F P 

Log DML slope 1, 775 3.42 ns 

 intercept 1, 778 340.8 *** 

Log Total weight slope 1, 775 4.43 ns 

 intercept 1, 778 54878 *** 
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Figure 5.5  Growth in (A) DML and (B) Total weight for all juvenile, female and male southern calamary from Gulf 

St. Vincent aged in the ageing study. Summary of curve statistics are presented in Table 5.8. 
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The instantaneous relative growth rate for DML declined with age for juveniles, females and 

males (Fig. 5.6a). Juveniles had the highest growth rates in DML, peaking at 3.57% DML (mean 

= 2.4% + 0.04) per day. Tests for equal slopes indicated that growth rates of DML for males 

were significantly higher than those of females (Slope: F = 7.6, df =1,775, P = 0.008; Intercept: 

F = 357, df = 1,778, P<0.0001). Similarly, the instantaneous relative growth rates in total weight 

of males were also significantly higher than those of females (Slope: F = 3.56, df = 1,775, P = 

0.059; Intercept: F = 155.2, df = 1,778, P<0.0001). Like the rate for DML, juveniles had the 

highest instantaneous relative growth rate for total weight, peaking at 6.32% total weight (mean 

= 4.96% + 0.01) per day (Fig. 5.6b). 

 
Figure 5.6  Instantaneous growth rate in (A) DML and (B) total weight (averaged over life time), with age of juvenile, 

female and male southern calamary from Gulf St. Vincent. Power curves fitted. Also shown is summary of curve 

statistics. n is sample size. 
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(ii) Season 

Season of hatching had a significant effect on growth rate, as measured by log DML (Table 5.6). 

Similarly, growth in log total weight was also affected by season of hatching (Table 5.7). Figure 

5.8 provided the best indication that hatching season influenced growth. Here, a discrete growth 

line was plotted from the total weight at hatch date to the total weight at collection date for each 

individual, compared between seasons. Superimposed on this figure are estimates of seasonal 

water temperature. Individuals that hatched during the colder months had a shallow slope 

indicating a slow rate of growth, whilst those that hatched during warmer periods had 

progressively steeper slopes such that their final weight-at-capture surpassed that of earlier-

hatched (older) individuals. This may explain why individuals that hatched in autumn, and 

experienced the longest periods of decreasing temperatures, were significantly smaller and 

lighter per age than those that hatched throughout the remainder of the year (Tables 5.6 & 5.7). 

Spring-hatched southern calamary were also larger and heavier than those that hatched in 

summer and winter, although differences were not statistically significant. Some differences in 

seasonal growth rate translated into significant variation in size at age. For instance, the mean 

total weight of spring-hatched males at 240 days of age was 1018.9g (+ 111.5g, n = 5), 

compared to 576g (+ 111.4g, n = 5), for males hatched in autumn, a difference of 77%. 

Differences in DML for individuals hatched in different seasons showed similar differences.  

 

(iii) Spatial 

The relationship between DML and age varied significantly between localities (Fig. 5.9; Table 

5.6). Animals from Stansbury were larger at the same age than those from the other inshore 

localities, whilst those collected from the Middle were smaller (Fig. 5.10; Table 5.6). A similar 

result was obtained from the comparison of weights on ages amongst localities (Fig. 5.9; Table 

5.7). There was no difference in growth rate, measured in DML or Total weight, among the other 

three inshore localities (Tables 5.6 & 5.7). Animals from Stansbury were not only the fastest 

growing, but were also, on average, the youngest of the inshore localities (Table 5.5; Fig. 5.10). 

The 99% confidence intervals of DML suggest that individuals from Glenelg were larger than 

those from Black Point, because they lived slightly longer (Fig. 5.10). 

 
Back calculation of hatching dates 

The frequency distribution of estimated weekly hatch dates showed that southern calamary were 

hatched throughout the year (Fig. 5.11). 
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Figure 5.7  Growth in (A) DML and (B) Total weight for juvenile, female and male southern calamary from Gulf St. 

Vincent, hatched in different seasons.  
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Figure 5.8  Individual growth trajectories (in total weight) for each individual from (A) Glenelg and (B) Stansbury, 

drawn from back-calculated hatching date to date of capture (note the change in x-axis for Stansbury). Mean weekly 

water temperature for each locality is also plotted. In this figure, the blue and black trajectories represented individuals 

that encountered decreasing water temperatures for 2 and 6 months, respectively before experiencing increasing 

temperatures. On the other hand, the red trajectories represent individuals that encountered only increasing water 

temperatures in the first 6 months.  
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Figure 5.9  Growth in (A) DML and (B) Total weight for southern calamary from 5 different localities in Gulf St. 

Vincent. 
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Figure 5.10  Box plots with 99% confidence intervals of (A) DML and (B) Age for southern calamary from 5 

localities in Gulf St. Vincent. The letters indicate the results of the LSD tests for each locality. Means are not 

significantly different when they share the same letter. 

 

Figure 5.11  Frequency distribution of estimated weekly hatch dates for southern calamary collected from Gulf St. 

Vincent between November 1996 and October 1997. 
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5.3.4 Models 

Likelihood ratio tests for juveniles (F = 71.4, df = 2, n = 131, P<0.0001), females (F = 4.6, df = 

2, n = 323, P = 0.01) and males (F = 21.1, df = 2, n = 456, P<0.0001) clearly suggest that the 

three-parameter model, which incorporates seasonality, describes the length-at-age data 

significantly better than the non-seasonal model. The annual mean rate of growth seems the 

same for both males and females. However, the growth rate of males (B = 1.933 x 10-3) varies 

more strongly than that of females on a seasonal basis (B = 0.79 x 10-3), and seems completely 

out of phase with that of females (Table 5.10). Indeed, the maximum growth rate for males is 

achieved around April 11, whereas that of females occurs five months earlier around November 

6 (Fig. 5.12). Compared to males and females, juveniles have a faster, but more variable (B = 

3.316 x 10-3) maximum growth rate, which is achieved around January 4.  

 
Table 5.10  Estimates and (in parentheses) standard errors of parameters obtained by fitting equation 3 to the DML-at-

age data for juvenile, female and male southern calamary using the least squares method under the assumptions that 

time started (i.e. time 0=t ) on 1 January 1960 (see Xiao 2000 for its significance), and errors in ),( taL follow 

independent normal distributions, with a mean of ),(ˆ taL and a constant variance of σ2. All P<0.0001. n.a. = not 

applicable.  

 
Model n Sex K x 10-2 (d-1) (SE x 10-4)  B x 10-3 (d-1) ts (d) df r2 F  

Full  131 Juveniles 2.01306 (1.781) 3.316 369.7 3,128 0.94 692.8 

 323 Females 1.71309 (0.828) 0.790 309.7 3,320 0.91 1065.5 

 456 Males 1.74928 (0.871) 1.933 100.8 3,453 0.86 932.2 

 910 All data 1.73059 (0.602) 0.919 84.6 3,907 0.87 1974.8 

Partial 131 Juveniles 1.94253 (2.241) n.a. n.a. 1,130 0.85 928.1 

 323 Females 1.71061 (0.827) n.a. n.a. 1,322 0.91 3116.7 

 456 Males 1.73774 (8.853) n.a. n.a. 1,455 0.88 2531.8 

 910 All data 1.72995 (0.592) n.a. n.a. 1,909 0.86 5789.3 
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Figure 5.12  Growth rate )(
2

cos0),( sts
T

BKtaK −+=
π

of juvenile, female and male southern calamary as a 

function of time t  in equation 3, with estimates of parameters BK ,0  and st  in Table 5.10, and T=365.25 days. 
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5.4 Discussion 

5.4.1 Validation of ageing methodology 

Several attempts were made to validate the periodicity of microincrement formation in the 

statoliths of southern calamary from Gulf St. Vincent by chemically marking the statoliths. 

Unfortunately, neither tetracycline nor Alizarin Red left a detectable band in the statolith, which 

meant these validation attempts were unsuccessful. Pecl (2000) encountered similar difficulties 

in chemically marking the statoliths of southern calamary from Tasmania. Fortunately, Pecl 

(2000) had access to known-age individuals, which enabled her to validate the periodicity of 

formation by directly comparing the microincrement count with true age. Her analysis revealed a 

close agreement between the number of microincrements counted and the number of days post-

hatching for 15 individuals reared in captivity, suggesting that microincrements in statoliths of 

southern calamary do form on a daily basis. This seems to be the norm for temperate loliginids 

(see review by Jackson 1994; Jackson et al. 1997). The analysis of growth in this chapter was 

therefore based on the assumption that microincrement formation was daily.  

 
Comparison of the three growth techniques 

Clear differences were found in the estimates of growth from the three different techniques. Of 

these, the statolith methodology was considered to provide the best estimates for several reasons. 

Firstly, they fulfilled the three criteria of an ageing tool (Beamish and McFarlane 1983; Fowler 

and Doherty 1992), i.e. (i) they contained an interpretable incremental structure of an alternating 

sequence of opaque and translucent zones that are sufficiently clear to facilitate precise 

interpretation; (ii) incremental structures can be correlated with a regular and determinable time 

scale; and (iii) the statoliths continued to grow throughout the lives of the southern calamary at a 

measurable rate throughout their life. Secondly, studies by González et al. (1998) and Jackson 

and Moltschaniwsky (1999) have found that estimates of age from statoliths are reliable and 

accurate for other loliginid squid species. An added advantage of statoliths is that they provide 

an accurate estimate for each squid, which is very useful in estimating mortality and other 

important parameters such as age-at-first maturity and longevity.  

 

Thirdly, compared to statolith-derived estimates of growth, length-frequency analysis grossly 

underestimated the growth and overestimated the life-span of southern calamary. Similar 

problems have been encountered for Lolliguncula brevis (Jackson et al. 1997), Loligo chinensis 

(=Photololigo sp. 1; Yeatman 1993) and Idiosepius pygmaeus (Jackson and Choat 1992), as well 

as Loligo gahi (Hatfield 2000). In their review of the use of length-frequency analysis for 
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estimating cephalopod growth, Jackson et al. (2000) concluded that this technique was 

inappropriate and should not be used. Cohort analysis is useful only when the modes are 

conspicuous; where they become diffuse, the standard errors increase and reduce confidence in 

their precision. Large variation in growth rates of individuals and protracted spawning seasons, a 

common feature of the life-histories of squid species, usually result in multiple "micro-cohorts" 

present at any one time, making the traditional length-frequency analysis difficult to interpret 

(Jackson et al. 2000). Finally, estimates of growth based on capture/ mark-recapture trials were 

highly variable and difficult to interpret. For instance, lengths recorded at the time of recovery 

for over one third of tagged individuals were equal to, or smaller than the length recorded at 

tagging, suggesting that either the individuals contracted in length after tagging or there was 

measurement error. Even if measurement error was negligible, which is unlikely given that over 

90% of the recovery measurements were made by untrained members of the public, it would still 

be difficult to separate tag-induced shrinkage from that induced through natural causes (Lipinski 

et al. 1998).  

 

5.4.2 Age and growth of southern calamary 

Analysis of the microstructure of statoliths clearly showed that growth of southern calamary was 

influenced by sex, hatching season and locality, with hatching season having the greatest 

influence. 

 
Sex 

Significant differences were found between the growth rates of both sexes, with males growing 

faster and attaining a larger size and weight at equivalent ages than females. This pattern was 

consistent among localities and hatching seasons. It is speculated that females grow more slowly 

than males because they invest significantly more energy into reproduction (Chapter 6). The 

output of the 3-parameter growth model indicated that the seasonal growth pattern of females 

was different to that of juveniles and males. Most notably, female growth declined in late spring, 

even though water temperature, which largely influences cephalopod growth (see next section), 

was increasing. The decline in female growth rate corresponded with the peak spawning time in 

Gulf St. Vincent (Chapter 7). This is consistent with most studies of growth and reproduction in 

cephalopods that have shown that with approaching maturity, energy is diverted into 

reproduction, usually at the expense of somatic growth (Collins et al. 1995b). This “trade-off” 

between reproduction and somatic growth occurs because there is a finite amount of energy 

available to an organism (Calow 1987). Unlike females, the growth of juveniles and males 
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continued to increase until it peaked in summer and early autumn, respectively. This peak 

coincided with high water temperatures and suggested that energy diverted into reproduction by 

males is much less than for females. Such findings are consistent with those of Wootton (1985), 

who suggested that females invest more energy into gamete production than males, since the 

production of eggs is energetically more expensive than producing sperm. They are also 

consistent with Forsythe and Van Heukelem (1987), who found that male maturity in several 

species of cephalopods (e.g. Octopus dofleini, Sepia pharaonis and Loligo vulgaris) was 

achieved at little cost to somatic growth, and that in most cases males continued to grow after 

reaching maturity. Gender differences in growth were also found for southern calamary from 

western South Australia, Western Australia, and New Zealand (Triantafillos, submitted), but not 

for those from Tasmania (Pecl 2000). This latter result is perplexing and may reflect regional 

differences in reproductive strategies (see Triantafillos, submitted).  

 
Hatching season 

Date of hatching clearly affected the rate of growth. Individuals that hatched in autumn had the 

slowest growth, while those that hatched in spring had the fastest. This pattern was consistent 

among localities and sexes and could be related to the differences in water temperature 

experienced during the early life-history (egg development, hatching and juvenile development). 

Those that hatched in spring encountered water temperatures that became progressively warmer, 

whereas the opposite was true for individuals that hatched in autumn. The relationship between 

water temperature and growth is well documented for many marine species, including squid. It 

has been suggested that a slight increase of only 1-2oC in temperature could have a substantial 

effect on the growth of juvenile squid under certain conditions (Forsythe 1993). The result is 

also consistent with that of Pecl (2000) who found an apparent effect of seasonal environmental 

variation on the growth rate of southern calamary from Tasmania. She found that individuals 

that hatched during cooler months apparently grew more slowly than those that hatched in 

warmer months, and implied that the faster growth of the younger cohort was due to the warmer 

temperatures experienced by the hatchlings. Similar results have been obtained for Loligo 

forbesi (Hatfield 2000) and Lolliguncula brevis (Jackson et al. 1997). Differences in water 

temperature cannot wholly explain the variation in growth of southern calamary because sea 

temperatures in South Australia are, on average, a few degrees warmer than in Tasmania, yet 

southern calamary from this region grew more slowly than in Tasmania (Pecl 2000).  
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In an ageing study that examined the growth of southern calamary across southern Australia and 

New Zealand, Triantafillos (submitted) found genetic composition to profoundly affect growth. 

This, however, is also unlikely to be the sole cause of the spatial differences between South 

Australia and Tasmania because southern calamary from the latter state are genetically similar to 

those from Gulf St. Vincent (Triantafillos and Adams 2001). The differences between South 

Australian and Tasmanian southern calamary may simply be a function of food availability, 

which is responsible for variability in growth in many cephalopods (e.g. González et al. 2000).  

 
Locality 

In Gulf St. Vincent, southern calamary of different age and size classes were spatially 

segregated. Two age classes, i.e. the newly-hatched individuals and adults dominated the inshore 

waters, whereas the intermediate age class (i.e. the juveniles) was mostly found in the deeper, 

offshore waters of the gulf. Such a pattern seems typical for temperate loliginids (Hatfield et al. 

1990; Guerra and Rocha 1994) and suggests that for such species the deeper, offshore grounds 

constitute nursery areas, whilst shallow, inshore waters are the spawning grounds (Chapters 6 & 

7). Compared to sexual differences and hatch season, the differences between inshore localities 

of Gulf St. Vincent were small. Indeed, when Stansbury was removed from the analyses, no 

spatial differences in growth were found. The relatively minor spatial differences may relate to 

water temperatures, since the average annual water temperature of western Gulf St. Vincent is 

slightly warmer than that of the east coast. Alternatively, the difference may be a consequence of 

a different regime of food availability. 

 

5.4.3 Intraspecific and interspecific comparisons of age and growth  

Besides the disparity in growth among localities, plasticity in growth amongst individuals was 

widespread within each locality, which is another well-documented phenomenon for squid 

(Natsukari et al. 1988; Villanueva 1992). Plasticity levels found in this study were, however, 

somewhat less than those found for most other squid species. For instance, the DML of an eight-

month-old male ommastrephid Sthenoteuthis pteropus ranged from 180-420 mm DML (a 

difference of up to 250%), despite being caught at the same time and locality (Arkhipkin and 

Mikheev 1992). In comparison, differences in DML for male southern calamary of the same age 

from Gulf St. Vincent were typically around 40%. These differences are lower than those found 

for southern calamary from the rest of Australasia (Pecl 2000; Triantafillos, submitted). It is not 

known why the plasticity levels of this study were below average, but it may reflect that it was 

likely that only one genetic type (Chapter 3) was aged in this study. Had the 3 genetic types been 
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included, differences in plasticity would most likely have been much higher (Triantafillos, 

submitted).  

 

While growth rates of southern calamary from Gulf St. Vincent were slower than those from 

Tasmania, they were still much faster than for most other species of temperate squid. For 

example, Loligo pealei (Brodziak and Macy 1996) and Illex argentinus (Rodhouse and Hatfield 

1990) grew at approximately 1.2-1.5% and 1.8-3.1% body weight (BW) per day, respectively. In 

comparison, juvenile southern calamary from Gulf St. Vincent grew 6.37% BW per day, whilst 

the average rate for mature individuals was 4.38% BW per day. Such instantaneous growth rates 

are more typical of tropical species such as Alloteuthis africana (Arkhipkin and Nekludova 

1993) and the diamond-shaped squid Thysanoteuthis rhombus (Nigmatullin et al.1995). 

 

The largest southern calamary sampled in this study was a male of 425 mm DML and only 280 

days of age. Had this individual continued growing at a conservative rate of 1%DML per day, 

which is well below the mean growth rate of adults, it would easily reach the maximum-recorded 

size for this species of 550 mm DML (Wadley and Dunning 1998) within another 30-40 days. 

Given this, the life-span of southern calamary is here proposed to be less than one year, which is 

within the estimated age-range for southern calamary from Tasmania (Pecl 2000) and the 

majority of other large loliginids such as Sepioteuthis lessoniana (Jackson and Choat 1992) and 

Loligo vulgaris (reviewed by Jackson 1994; Arkhipkin 1995).  

 

Back calculation suggests that hatching occurs all year round. This is consistent with egg 

surveys, which showed that eggs were deposited all year round (Chapter 7).  

 

5.4.4 Implications 

Given the environment-temperature relationship of southern calamary and the dynamic nature of 

the marine environment, it was predictable to find spatial and temporal differences in growth. 

This has implications for fishery management by complicating the construction of stock 

assessment models and provision of subsequent fishery advice (Beddington et al. 1990), 

especially as the observed variation in age-related parameters was locality-specific. It also means 

that previously derived estimates of growth in southern calamary from Gulf St. Vincent may not 

be applicable to current population dynamics. Therefore, estimates of growth need to be updated 

on a regular basis. 
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CHAPTER 6:  REPRODUCTIVE BIOLOGY 

6.1 Introduction 

One consequence of the very short lifespan of southern calamary is that there is likely to be 

limited overlap between successive adult generations (Chapter 5). Accordingly, if a generation 

fails to spawn, recruitment failure, with subsequent population collapse, is possible (Dawe and 

Warren 1993; Boyle and Boletzky 1996). Therefore, knowledge of reproductive biology, which 

ultimately governs the extent of spawning, is imperative for the development of management 

strategies that will ensure the sustainable utilisation of this species. 

 

Until a decade ago, cephalopods were considered to have asynchronous spawning and were 

semelparous, i.e. they spawned once and died soon after (Knipe and Beeman 1978; Arnold and 

Williams-Arnold 1977; O’Dor 1983; Kirkendall and Stenseth 1985). Scientific opinion has 

changed considerably since then, due primarily to the finding that numerous species are non-

semelparous (Harman et al. 1989; Mangold et al. 1993).  

 

Another relatively recent finding has been the difference in reproductive strategies adopted by 

individuals within a species (Boyle et al. 1995). An often-cited contributory factor to this 

variability is the “trade-off” in energy use between reproduction and growth (e.g. Jennings and 

Philipp 1992). Most studies of growth and reproduction in cephalopods have shown that as an 

animal approaches maturity, its energy is diverted into reproduction at the expense of somatic 

growth (Collins et al. 1995b). This diversion occurs because there are only finite energy reserves 

available to an organism (Calow 1987). Such a trade-off, combined with the inherent plasticity 

in cephalopod growth (Chapter 5), suggests that individuals might alter their reproductive 

strategy depending on the environment in which they are living (Stearns 1977). For instance, 

tropical forms of Loliolus noctiluca from northern Australia had a year-round breeding cycle 

(Jackson & Choat 1992), whilst the temperate forms from the south, where water temperatures 

were cooler, had a distinct seasonal breeding cycle (Dimmlich & Hoedt 1998). Further evidence 

that cephalopods alter their reproductive strategy depending on the environment in which they 

live comes from numerous studies that show that life-history traits such as size- and age-at-

maturity, frequency of spawning events, total gonadal investment, fecundity and egg size also 

vary under different environmental conditions (Arkhipkin and Laptikhovsky 1994; Rocha and 

Guerra 1996; Arkhipkin et al. 1996; Brunetti et al. 1998; Pecl 2001).  
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A striking example of this type of variability in reproductive strategies is evident for the 3 

genetic types of southern calamary. In Tasmania, the ‘central’ genetic type (Triantafillos and 

Adams 2001) is thought to deposit multiple batches of eggs at discrete times throughout the 

adult lifespan (Pecl 2001). In contrast, those from New South Wales, which are the ‘peripheral’ 

genetic type, seem to deposit a single batch of eggs (Pecl 2001). The third genetic type, the 

‘hybrids’, is likely to have dysfunctional gonads (Triantafillos and Adams, 2001).  

 

The reproductive mode of southern calamary in South Australia was not known prior to this 

study, indicating the poor understanding of the population biology of this species in this state. It 

was possible that southern calamary from Gulf St. Vincent, which were the ‘central’ genetic type 

(Chapter 3), had a similar reproductive strategy to the Tasmanian con-specifics. On the other 

hand, the large differences in growth and life-spans between these two areas (compare Chapter 5 

with Pecl 2000) suggested strongly that they may, indeed, be different. 

 

This chapter was concerned with determining the reproductive mode of southern calamary in 

Gulf St. Vincent. The specific aims addressed were threefold: 

1. to better understand the spawning strategy by analysis of the organization and relative 

frequencies of oocytes at different developmental stages within the ovary and oviducal 

complex matrix, and by examining the correlations between reproductive organ size 

with DML, total weight and age for males and females; 

2. to describe the spatial and temporal trends in reproductive parameters that contribute to 

understanding the life-history and population biology, such as sex ratio, gonadosomatic 

index, macroscopic staging of ovaries, percentage mated and size- and age-at first 

maturity; 

3. by using captivity trials to obtain estimates of batch fecundity, to determine relationships 

between batch fecundity and size and age, and to estimate spawning frequency. 
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6.2 Materials and Methods 

6.2.1 Determination of reproductive strategy 

The reproductive biology of the southern calamary was studied at 5 localities for over three 

years. Samples were collected by jigging on a monthly basis from the 4 inshore localities 

between January 1996 and February 1999 (Chapter 2; Table 6.1). Additional samples, consisting 

mostly of juveniles, were obtained from the deeper, offshore waters (>20 m) of Middle as by-

catch from prawn trawlers. Each individual collected was measured for DML (+ 1 mm), weighed 

to the nearest 0.1 gram and assigned a macroscopic maturity stage based on the criteria of 

Lipinski's (1979) maturity scale (Table 6.2). Physical condition of the internal (e.g. intactness, 

presence of parasites) and external body structure (skin lesions) was also noted. Then, the 

reproductive organs were dissected out and further analysed, as described below. To relate 

reproductive condition to age, estimates of age were obtained by counting the number of 

microincrements in statoliths of 910 individuals. The sampling protocol and methodology used 

to do this were described in Chapter 5. 

 
Table 6.1  Details of the samples used in determining the reproductive mode for southern calamary. n is sample size.  

 
Locality Sampling period No. of Samples Capture method n 

Myponga (inshore) 1/11/96-10/12/98 22 Hand jigs 2335 

Glenelg (inshore) 30/1/96-4/1/99 27 Hand jigs 2477 

Black Point (inshore) 29/10/96-2/7/97 7 Hand jigs 462 

Stansbury (inshore) 28/10/96-8/10/98 19 Hand jigs 1603 

Middle (offshore) 14/3/96-5/2/99 12 Prawn trawlers 1130 

 

Females 

The weight of the ovary, nidamental glands, accessory nidamental glands and oviducal complex 

(oviducal glands and oviduct) of each female was weighed to the nearest 0.01 gram. The 

presence of discharged spermatophores attached to the buccal membranes, or the presence of 

sperm in the seminal receptacles on the buccal membranes of females was noted. The oocytes 

from the ovaries and oviducal complexes of numerous females were considered in a more 

detailed examination. The oocytes from 3 stage III, 3 stage IV, 9 stage V, and 3 stage VI 

females, all ranging in size between 190-200 mm DML, were hydraulically separated from each 

other and fixed in a solution of formalin acetic-acid calcium-chloride (FAACC). All oocytes 

>0.5 mm were measured (+ 0.01 mm) with a dissecting microscope attached to a video-

digitising image analysis system (Video Pro imaging system). The image of the egg as 
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magnified through a 10x objective, was displayed on the video screen, and measured along the 

major axis. Damaged or deformed oocytes were excluded. The size distribution of oocytes in the 

ovaries was subjected to a size frequency distribution analysis using the method of Bhattacharya 

(1967), to check for the presence of different size groups. Kolmogorov-Smirnoff’s test was used 

to test for differences in oocyte diameter between ovaries and oviducal complexes within the 

same individual (Zar 1984).  

 
Table 6.2  Stages of reproductive development for female and male southern calamary based on the macroscopic 

appearance of the reproductive organs (adapted from Lipinski 1979). 

 
Sex Stage Macroscopic appearance 

Females I    Developing Sexual organs are hard to see with naked eye. The oviducts and nidamental glands 

appear as very fine translucent strips. The ovary is translucent and membranous. 

 II   Immature The nidamental glands form clearly visible translucent or whitish strips, but are still 

small. The oviduct meander are visible and all viscera behind them can easily be 

observed. The ovary is visible. 

 III  Preparatory The nidamental glands are enlarged, covering some internal organs. Meander of the 

oviduct is extended. Immature oocytes are clearly visible inside the ovary. 

 IV  Maturing The nidamental glands are large, covering the kidneys and distal part of the liver. 

The external glandular oviducts are fleshy and swollen. There are numerous oocytes 

in the oviducts and the meander is hardly noticeable. The oocytes are not 

transparent and are pressed together in the proximal oviduct.  

 V  Mature As above, but the oocytes are translucent in the proximal oviduct. 

 VI  Spent Almost no oocytes or only degenerating ones in the oviduct. The nidamental glands 

are small, tissue slack and disintegrated. The condition of the animal is very poor. 

   

Males I    Developing Sexual organs are hard to see with naked eye. The testis is transparent and 

membranous. Spermatophoric complex appears as a transparent or translucent spot. 

 II   Immature Sexual organs are whitish and the separate parts of the spermatophoric complex are 

clearly visible. The testis is small and its structure is invisible. 

 III  Preparatory Sexual organs are not translucent and the vas deferens are whitish, as is the testis. 

 IV  Maturing The vas deferens are white, meandering and enlarged. The spermatophoric sac is 

long with whitish particles inside, but without formed spermatophores. The testis is 

tight and covered with structure. 

 V   Mature As above, except that the spermatophores are present in the spermatophoric sac 

 VI  Spent No spermatophores in spermatophoric sac or only exploded, degenerating ones. 

Spermatophoric complex contains many membranous structures. The condition of 

the animal is very poor. 
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6.2.2 Spatial trends in the relationship between gonad maturation, size and age 

The total number of oviducal oocytes were counted for a further 397 females. Such counts have 

often been used to estimate fecundity for other species of cephalopods (Mangold 1987). These 

females were taken from the seasonal samples collected at Stansbury, Myponga and Glenelg 

between June 1997 and May 1998. They always included the smallest and largest mature 

individuals, to represent the full range of maturity stages and sizes.  

 

A ln (x + 1) transformation was used to stabilise the variances and normalise the distributions of 

oviducal oocyte counts. Transformed rates were compared by a univariate general linear model 

(SPSS; Type III sums of squares) with independent terms (fixed factors) of Locality and Season, 

and the interaction Locality * Season.  

 
Males 

For the males taken from the seasonal samples collected at Myponga, Glenelg, Black Point and 

Stansbury between October 1996 and July 1997, the testis and spermatophoric complex (i.e. 

spermatophoric sac, penis, spermatophoric gland) of each male was weighed to the nearest 0.01 

gram. They always included the smallest and largest mature individuals, to represent the full 

range of maturity stages and sizes. In addition, 20 spermatophores, or all if less, were measured 

to the nearest 0.01 millimetres for 593 males, using callipers. The number of spermatophores in 

the spermatophoric sac of these males was estimated by weighing 20 spermatophores and 

scaling up to the total weight of the spermatophoric sac.  

 

6.2.3 Spatial and temporal trends in reproductive parameters 
Gonadosomatic and other indices 

A female gonadosomatic index (GSI) was calculated using the following equation:  

100×
−

=
GWBW

GWGSI , 

where GW is the combined weight of the ovary, oviducal complex and nidamental glands, and 

BW is total body weight. 

 

To determine the seasonal trend in gonad size, monthly values of the gonadosomatic index were 

plotted for the seasonal samples collected between January 1996 and February 1999, for each 

locality.  
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Mean size at first maturity (L50) was determined from the relationship: PL = 1/ 1 + e-(a+bL) where 

PL = proportion mature at length L, a and b are constants and L50 = -a/b, which is the length 

when 50% of individuals are mature (Stergiou et al. 1996). This relationship was fitted with a 

logistic function by non-linear least squares regression using the SPSS statistical software 

package.  

 

Females were considered to be fully sexually mature by the presence of mature oocytes in the 

oviducal complex along with large nidamental glands, whilst for males the presence of large 

spermatophores in the spermatophoric sac indicated maturity. The presence of discharged 

spermatophores attached to the buccal membranes, or the presence of sperm in the seminal 

receptacles on the buccal membranes of female southern calamary was used to estimate the 

percentage of mated females. 

 

6.2.4 Captivity trials 

The aim of these two separate trials was to obtain estimates of fecundity and to determine the 

number of times that each female spawned. Mature individuals were captured live at Glenelg in 

April 1998 and March 1999, kept in captivity (40,000L tank) at densities ranging from 10 to 17 

individuals per tank, fed on a diet of live food (mainly baitfish and shrimp) and maintained until 

the last individual had died (Table 6.3). At the time of capture, the number of females that had 

previously mated, as indicated by the presence of spermatophores on buccal membranes, was 

noted.  

 

Whilst in captivity the behaviour of several distinctive individuals was recorded once per day 

using video. During each trial, a large, solitary egg mop was deposited, allowing two 

independent estimates of fecundity to be calculated. This was done by dividing the total number 

of embryos deposited by the time taken and the number of females in each trial, and converted to 

daily rate.  

 

After each trial, the ovaries and oviducal complexes of the females were weighed, fixed in 

FAACC and stored in separate sealed plastic containers until required. All oocytes >0.5 mm 

found in the ovary and oviducal complex of these females were measured (+ 0.01 mm) and 

compared with those from wild-caught southern calamary of equivalent sizes that were also 

caught from Glenelg. The comparisons were done using a Kolmogorov-Smirnoff test.  
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Table 6.3  Details of two captivity trials used to estimate the reproductive output of southern calamary collected from 

Glenelg. Standard error in brackets. 

 
Trial 1* 2 

Commencement of trial 2/4/98 16/3/99 

Percentage of females mated at start of trial 75 78 

Date when eggs first deposited 13/4/98 1/4/99 

Number of males at time of deposition 6 8 

Number of females at time of deposition 4 9 

DML range of females (mm) 182–215 168–215 

Mean DML of females (mm) 202.8 (7.6) 197.7 (4.47) 

 *part of tagging trial. 

 



Chapter 6  Reproductive Biology 

 117

6.3 Results 

In this study, a total of 8007 individuals were sexed, of which 10.3% were juveniles, 33.7% were 

females, and 56% were males (Table 6.4).  

 
Table 6.4  Number of juvenile, female and male southern calamary taken between January 1996 and February 1999 

from 5 localities in Gulf St. Vincent.  

 
Locality Juveniles Females Males 

Myponga  6 1011 1318 

Glenelg  11 825 1641 

Black Point  2 153 307 

Stansbury  9 533 1061 

Middle 796 176 158 

TOTAL 824 2698 4485 

 

6.3.1 Determination of reproductive strategy 
Organization and size distribution of oocytes  

Small oocytes were found in the developing ovaries of stage III females. As females matured 

and the size of ovaries increased, so did the range in sizes of oocytes in the ovaries (Fig. 6.1). 

The broadest size range of ovarian oocytes was found for stage V females, with oocytes ranging 

between <0.5 mm to 7.2 mm (Fig. 6.1). Most of these females had several modal groups of 

ovarian oocytes with a large peak in the smallest ones, and declining abundances to the largest 

ones. Stage VI animals had a similar distribution of ovarian oocytes to stage V females, but 

notably, fewer small oocytes (<1.5 mm).  

 

No oocytes were found in the oviducal complex of stage III females, but large ones were found 

in more mature females (Fig. 6.1). Such oocytes typically ranged between 3 and 7.2 mm, and 

had a unimodal size distribution around the mode of 5-6 mm. In all mature females examined, 

this mode was significantly bigger than the largest one found in the ovaries.  
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Figure 6.1  Size-frequency distribution of ovarian and oviducal oocytes, as measured along the major-axis length, 

from female southern calamary at 4 different stages of development collected from Glenelg during the summer of 

1997, and ranging in DML from 190 to 200 mm.  
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6.3.2 Spatial trends in the relationship between gonad maturation, size and age 

Maturation was a size dependent process for both males and females, but as differences were 

found between sexes, they were treated separately here.  

 
Males 

Spermatophore length varied from 5 to 22 mm, but varied little within individuals. There was a 

strong positive linear relationship between mean spermatophore length (SPL) and DML for 

males taken between October 1996 and July 1997, which was best represented by the equation 

SPL = (0.041  DML) + 1.99, r2 = 0.56, n = 593. Thus, larger southern calamary had larger 

spermatophores than smaller ones.  

 

Weight of testes and spermatophoric complex were both highly correlated with DML, total 

weight and age at each inshore locality (Table 6.5).  

 
Table 6.5  Results from correlation analyses for weight of testis and spermatophoric complex with total weight, DML, 

and age for male southern calamary from 4 localities in Gulf St. Vincent, captured between October 1996 and July 

1997. Level of significance: ns = not significant as P>0.05; * = P <0.05; ** = P <0.01; and *** P <0.001. n is sample 

size. 

 

 Testis weight  Spermatophoric complex 

 n r2 P  n r2 P 

Total weight (g)        

Myponga 234 0.53 ***  234 0.43 *** 

Glenelg 221 0.58 ***  221 0.68 *** 

Black Point 139 0.82 ***  139 0.40 ** 

Stansbury 149 0.82 ***  149 0.38 ** 

DML (mm)         

Myponga 234 0.50 ***  234 0.40 *** 

Glenelg 221 0.58 ***  221 0.54 *** 

Black Point 139 0.74 ***  139 0.44 *** 

Stansbury 149 0.66 ***  149 0.7 *** 

Age (d)        

Myponga 106 0.45 ***  106 0.38 ** 

Glenelg 101 0.39 **  101 0.38 ** 

Black Point 135 0.48 ***  135 0.51 *** 

Stansbury 92 0.60 ***  92 0.47 *** 
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Females 

The weight of ovaries and nidamental glands were also highly correlated with total weight and 

DML, but less so with age (Table 6.6). This was evident at each inshore locality. Conversely, the 

weight of the oviducal complex was not correlated with any of these parameters, at any locality 

(Table 6.6).  

 
Table 6.6  Results from correlation analyses between weights of the major components of the reproductive system for 

female southern calamary with total weight, DML, and age from 4 localities in Gulf St. Vincent, captured between 

October 1996 and July 1997. Level of significance: ns = not significant as P>0.05; * = P <0.05; ** = P <0.01; and *** 

P <0.001. n is sample size. 

 
 Ovary Oviducal complex Nidamental gland 

 n r2 P n r2 P n r2 P 

Total weight (g)          

Myponga 475 0.88 *** 475 0.11 ns 475 0.89 *** 

Glenelg 278 0.76 *** 278 0.08 ns 278 0.77 *** 

Black Point 153 0.81 *** 153 0.12 ns 153 0.85 *** 

Stansbury 159 0.60 *** 159 0.05 ns 159 0.85 *** 

DML (mm)          

Myponga 475 0.78 *** 475 -0.01 ns 475 0.75 *** 

Glenelg 278 0.76 *** 278 0.08 ns 278 0.69 *** 

Black Point 153 0.69 *** 153 0.05 ns 153 0.71 *** 

Stansbury 159 0.61 *** 159 0.02 ns 159 0.69 *** 

Age (d)          

Myponga 92 0.59 *** 92 -0.03 ns 92 0.69 *** 

Glenelg 71 0.53 *** 71 -0.01 ns 71 0.59 *** 

Black Point 83 0.50 *** 83 0.05 ns 83 0.69 *** 

Stansbury 61 0.55 *** 61 0.12 ns 61 0.48 *** 

 

Of the 2509 mature females examined (i.e. stage IV-VI), the oviducal complex was lighter than 

the ovary for all but 3 individuals (Fig. 6.2), and never exceeded 10% of the gonad-free total 

weight. The number of oocytes found in the oviducal complex was linearly related to the weight 

of the oviducal complex (Fig. 6.3). 
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Figure 6.2  Relationship between weight of oviducal complex and ovary weight in 2509 mature (stage IV-VI) female 

southern calamary collected from 5 localities in Gulf St. Vincent between January 1996 and February 1999. The 

dashed line is the line of equal weights. 

 
 

 
Figure 6.3  Number of oviducal oocytes recorded in 131 mature (stage V) female southern calamary collected from 

Myponga, Glenelg and Stansbury between June 1997 and May 1998, as a function of oviducal complex weight. 

Regression line and equation, as well as coefficient of determination are displayed.  
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The total weight of male reproductive organs were proportionally lighter than those of females, 

with up to 23.7% of gonad-free total weight invested in the formation of the latter, compared to 

less than 10% for the former (Fig. 6.4). The proportion of total weight invested in the formation 

of gonads declined for both males and females as size increased. 

 
Figure 6.4  Relationship between gonad-free total weight and percentage that is gonads in female and male southern 

calamary from Glenelg caught between January 1996 and January 1999. 

 

Staging of gonads confirmed that sexual maturation was size-dependent for both sexes (Fig. 6.5). 

The minimum size at which gonads became macroscopically identifiable (i.e. stage I) was 

consistent for both sexes, occurring at 94 mm DML for males and 96 mm DML for females. 

Thereafter, the proportion of sexually mature individuals increased rapidly with size, particularly 

at Myponga and Glenelg. Final maturation, with gonads progressing from stage IV to stage V 

occurred over a small change in body size. The minimum size at full maturity (stage V) was 120 

mm DML for males and 127 mm DML for females, with both these individuals captured from 

Glenelg. By 140-159 mm, some males from Glenelg and Myponga were spent (Fig. 6.5).  

 

A consistent feature for males and females at all localities was the overlap between DML with 

maturity stage, indicating variation amongst individuals in reproductive maturity.  
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Figure 6.5  Relative proportions of the different stages of development defined in Table 6.2 for (A) female and (B) 

male southern calamary from 5 localities in Gulf St. Vincent, as a function of 20mm-DML size classes. Size classes 

with less than 5 individuals were not included. 
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The youngest females with distinguishable ovaries were captured at Middle and were 129 days 

old. This was 40 days younger than at any of the inshore localities (Fig. 6.6). Although southern 

calamary from the inshore localities started maturing at an older age than those found offshore, 

they reached sexual maturity at a younger age. Just under 90% of the females aged 160-179 days 

from Myponga, Glenelg and Stansbury were fully mature (stage V) or spent (stage VI), whereas 

over half the females from Middle aged between 180-199 days still has indistinguishable gonads 

(Fig. 6.6).  

 

Males began maturing younger than females at all localities except Middle (Fig. 6.6). For 

example, at Stansbury over 70% of males were either fully mature (stage V) or spent (stage VI) 

by age 140-159 days. All females from this locality within this age range were still immature 

(i.e. stages I & II).  

 

6.3.3 Spatial and temporal trends in reproductive parameters 
Sex ratio 

The male to female ratio fluctuated widely on a seasonal basis at all localities except Middle, 

where the ratio was generally even (Fig. 6.7). Altogether, 52.8% of the southern calamary that 

could be sexed from this locality were females. In contrast, males dominated the inshore 

populations of Gulf St. Vincent. Only 33.2% (153/460) and 32.4% (533/1594) of southern 

calamary taken from Black Point and Stansbury respectively, were females. Here, males 

significantly outnumbered females on each sampling occasion.  

 

Males also dominated at both Myponga (44% of 2329 individuals were females) and Glenelg 

(33.4% of 2466 individuals were females). There were only a few sampling occasions when 

females outnumbered males, which generally coincided with the commencement of egg 

deposition (Fig. 6.7). 
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Figure 6.6  Relative proportions of the different stages of development defined in Table 6.2 for (A) female and (B) 

male southern calamary from 5 localities in Gulf St. Vincent, as a function of 20-day age classes. Age classes with 

less than 5 individuals were not included. 
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Figure 6.7  The male to female ratio of southern calamary from 5 localities in Gulf St. Vincent. The dotted line 

represents an equal sex ratio. Also superimposed on this graph was the period of egg deposition for each inshore 

locality (shaded area), based on egg mop surveys (Chapter 7). 
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Gonad weight and gonadosomatic index  

Weight of testes and the number of spermatophores in the spermatophoric sac varied seasonally. 

For instance, the number of spermatophores in the spermatophoric sac for males from Glenelg 

was positively correlated with DML in October 1997 (rs = 0.63, n = 74, P<0.001), but not in 

March 1998 (rs = 0.01, n = 77, P>0.05). An examination of the latter relationship suggested that 

there were 2 categories of males present at this time (Fig. 6.8). The first category consisted of 

males that were still spawning, i.e. the number of spermatophores was still correlated with DML 

(rs = 0.51, n = 43, P<0.001), while the second were consisted of males that had already finished 

spawning. There was a poor correlation (rs = -0.04, n = 34, P>0.05) between numbers of 

spermatophores and DML for these animals, with most having fewer than 80 spermatophores 

(Fig. 6.8).  

 
Figure 6.8  Relationship between the number of spermatophores in the spermatophore sac and DML in mature (stage 

V) male southern calamary caught at Glenelg in October 1997 and March 1998. 

 

There were also seasonal differences in the weight of the female reproductive organs. 

Correlations between nidamental gland with total weight, DML and age at Glenelg were all 

stronger at the beginning of spring than at the end of summer. Similar results were observed for 

ovary weight, and to a less extent, oviducal weight.  
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Seasonal differences in the weight of female reproductive organs helped to explain why female 

GSI varied seasonally. The magnitude of the index varied spatially (Fig. 6.9). The highest female 

GSI’s were at Myponga and Glenelg, where they consistently ranged between 10-13% of gonad-

free total weight. At Black Point and Stansbury, the range was between 7-10%.  

 

Due to the large number of immature animals, female GSI at the offshore locality Middle was an 

order of magnitude lower than that found at any of the inshore localities (Fig. 6.9).  

 

Spatial differences were also observed in the lower end of the index. This index never fell below 

2.6% at Myponga and Glenelg, but at Black Point and Stansbury, it dropped to as low as 1% and 

0.7%, respectively.  

 

The peak in GSI usually coincided with a peak in egg deposition at each inshore locality 

(Chapter 7).  
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Figure 6.9  Trends in monthly female gonadosomatic index (GSI) for southern calamary from 5 localities in Gulf St. 

Vincent (note the change in y-axis scale for Middle). Superimposed on this graph is the period of egg deposition for 

each inshore locality (shaded area), based on egg mop surveys (Chapter 7).  
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Macroscopic staging of gonads 

(i) Myponga  

There was an overriding temporal trend in the maturation of ovaries at this locality. Over 92% of 

southern calamary caught from Myponga in early spring were in spawning condition (i.e. stage 

IV-VI) (Fig. 6.10). Some females caught at this time had large, stretched but empty oviducal 

complexes, yet, showed no signs of being spent. The proportion in spawning condition was 

almost 100% during October to January. Spent females (stage VI) were rare, but were found in 

March 1998. Spent males were common at Myponga, especially in late summer and early 

autumn. This was also the time of the year when sexually immature animals first arrived at this 

locality. By April, the proportion of immature or preparatory (stage I-III) females outnumbered 

the mature females. From April onwards, maturation was apparent, as indicated by an increasing 

proportion of maturing and mature individuals.  

 

(ii) Glenelg 

Seasonal trends in maturation at Glenelg were very similar to Myponga, except they were 1-2 

months later, and no spent females were ever found (Fig. 6.10). 

 

(iii) Black Point 

In contrast to Myponga and Glenelg, most females taken from Black Point in spring and summer 

were sexually immature. For instance, over 90% of the females from the sample in March 1997 

were stages I or II (Fig. 6.10). This was the highest proportion of immature females taken from 

any inshore locality. An increasing proportion of maturing and mature individuals were caught 

in autumn, suggesting that spawning occurred here in the middle of the year.  

 

(iv) Stansbury  

There was a wide diversity in female developmental states in March of both years, indicating a 

recent influx of immature females (Fig. 6.10). From then onwards, the proportion of mature 

females gradually increased until June, presumably reflecting the maturation of immature ones. 

After June, the proportion of mature females declined for a couple of months before peaking 

again in summer. This suggested that spawning by populations at this location may occur twice 

annually, once in winter and again in summer. Support for this was evident in the maturation 

cycle of males, which was very similar to that of the females (Fig. 6.10).  
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Figure 6.10  Relative proportions of the different stages of development defined in Table 6.2 for (A) female and (B) 

male southern calamary from 5 localities in Gulf St. Vincent. Months with less than 5 individuals were not included.  
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(v) Middle 

A total of 71.4% of southern calamary from the offshore grounds were immature and could not 

be assigned gender, with the remaining 28.6% divided evenly into males and females. By 

November, all fully mature (stages V and VI) individuals had left this locality and were slowly 

replaced by immature ones. Gonad maturation advanced in winter, and by spring higher 

proportions were maturing or were fully mature (stages IV and V), but none were ever spent 

(Fig. 6.10).  

 
Percentage Mated 

The percentage of mated females found near Myponga increased in late winter, peaked in 

summer at 97%, and then decreased through autumn and winter (Fig. 6.11). A similar pattern 

was found at Glenelg, except the peak of 99% was usually 1-2 months later than at Myponga. 

Mating peaked much later at Stansbury, usually from May to August. No data were available for 

Black Point.  

 

Although the main mating season for each locality typically lasted 4-5 months, a low incidence 

of mating (>10%) occurred throughout the year. However, in April 1998, there was no evidence 

of mating at both Myponga and Stansbury.  

 

Times when the percentage of mated females was over 50% generally corresponded well with 

the presence of egg mops for all localities (Fig. 6.11).  
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Figure 6.11  Proportion of female southern calamary with spermatophores in their buccal membrane, caught at 3 

localities in Gulf St. Vincent. Superimposed on this graph is the period of egg deposition for each inshore locality 

(shaded area), based on egg mop surveys (Chapter 7). 

 
Size- and age-at- maturity 

Mean size-at-maturity for females showed considerable variability among individuals, ranging 

from 131.5 mm DML for animals taken from Glenelg in 1996 to 215.2 mm DML for those 

caught at Black Point in 1997 (Table 6.7). Yet, no systematic variations were found amongst 

localities or years. In 1997, variability in size-at-maturity was evident for males amongst 

localities, with those from Myponga and Glenelg significantly smaller at maturity than males 

taken from Black Point and Stansbury. No other spatial or temporal differences were found for 

males (Table 6.7).  



Chapter 6  Reproductive Biology 

 134

Table 6.7  DML-at-first maturity for male and female southern calamary taken from 4 localities in Gulf St. Vincent 

between January 1996 and December 1998. Standard errors in brackets 
 

Locality   Sex  Year   n DML (mm) 

Myponga Males 1996 196 162.6 (37.8) 

  1997 662 116.6 (31.7) 

  1998 460 150.1 (24.7) 

 Females  1996 182 156.8 (43.3) 

  1997 413 142.9 (36.5) 

  1998 416 159.5 (23.6) 

Glenelg  Males 1996 595 141.5 (23.3) 

  1997 491 125.9 (20.2) 

  1998 555 130.6 (33.9) 

 Females 1996 242 131.5 (41.9) 

  1997 221 145.6 (42.2) 

  1998 362 139.5 (44.3) 

Black Point Males 1997 307 184.7 (27.5) 

 Females  1997 153 215.2 (68.8) 

Stansbury  Males 1996 200 181.4 (34.3) 

  1997 310 165.8 (34.2) 

  1998 558 158.5 (23.3) 

 Females 1996 105 138.6 (59.7) 

  1997 159 153.2 (48.4) 

  1998 269 195.6 (44.8) 

 

Age-at-maturity for males were consistent between localities, ranging from 151.3 to 163.8 days, 

but were more variable for females (Table 6.8). The latter ranged from 148.2 days for Stansbury 

to 201.2 days for those taken from Black Point. On average, males matured 27.4 (+ 6.6) days 

younger than females from the same locality. The only inshore locality that went against the 

trend was Stansbury, where females were 3.9 days younger at the onset of maturity than males. 

There were, however, no statistical significant differences between sexes and localities. This 

suggested that males and females throughout Gulf St. Vincent matured at approximately the 

same age.  
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Table 6.8  Age-at-first maturity for male and female southern calamary taken from from 5 localities of Gulf St. 

Vincent, January 1996 and February 1999. Standard errors in brackets 

 

Locality   Sex  n Age (d) 

Myponga Males 106 151.3 (50.6) 

 Females  92 181.1 (52.5) 

Glenelg  Males 71 156.3 (55.6) 

 Females 103 171.3 (81.5) 

Black Point Males 140 163.8 (35.4) 

 Females  83 201.2 (47) 

Stansbury  Males 92 152.1 (47.1) 

 Females 61 148.2 (98) 

Middle Males and Females 162 196.1 (48.3) 

 
Relationships between fecundity, size and age 

The maximum number of eggs present in one oviduct was 398, found in a 312 mm DML 

individual from Glenelg that was caught in October 1997 (Table 6.9). The mean number of 

oviducal oocytes varied seasonally at Myponga, Glenelg and Stansbury (F = 3.57, df = 3, P = 

0.04). Southern calamary taken from Glenelg during spring had just over twice as many oviducal 

oocytes as those taken in autumn. As there was no consistency in the ranking of seasons when 

compared among localities (P>0.05), it suggested that no particular season supported higher 

numbers of eggs than others. Due to the absence of samples from Black Point during summer, 

the number of oviducal eggs was not determined at this locality. 

 

Spatial differences were also found in the mean number of oviducal eggs for each season (F = 

5.86, df = 2, P = 0.018). Females from Stansbury had the lowest mean number of eggs of the 3 

localities during winter, spring and summer (Table 6.9), but had the highest number during 

autumn. These spatial and seasonal differences helped to explain why there was a poor 

relationship between the number of oviducal eggs and DML, total body weight and age in the 

pooled data (Table 6.6).  
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Table 6.9  Mean and maximum seasonal numbers of oviducal oocytes in southern calamary taken from 3 inshore 

localities in Gulf St. Vincent between June 1997 and May 1998. n is number of females. Standard error in brackets. 

 
  Myponga   Glenelg   Stansbury  

Season n Mean Max. n Mean Max. n Mean Max. 

Winter 49 108.6 (5.75) 255 18 167 (16.7) 310 22 106 (9.1) 357 

Spring 86 140.6 (15.93) 398 65 170.1 (6.5) 304 14 87.3 (25.7) 333 

Summer 40 122.9 (6.9) 216 20 102.4 (12.8) 198 11 77.6 (15.1) 261 

Autumn 15 86.7 (5.7) 134 34 78.7 (11.2) 199 23 112.4 (7.9) 298 

 

6.3.4 Captivity trials 

The behaviour of the southern calamary was consistent between the two trials. In the first five 

days, all animals were seen to be feeding, but by the beginning of the second week, only the 

larger males continued to feed. The remainder were exhibiting mating behaviour such as pair 

formation. After 12 days in the first trial and 16 days in the second, egg strands were found in 

the tank. In the first trial, 4 females deposited 3789 eggs in 23 hours, equating to a deposition 

rate of 988.4 eggs per female per day. This was greater than three times the maximum number of 

mature oocytes found in a similar-sized, wild-caught female from Glenelg. In the second trial, 9 

females laid 9453 eggs over 30 hours, equating to 840.3 eggs per female per day. As the size 

range in the second trial was broader than for the first (Table 6.3), the relative contribution of 

each female could have been different.  

 

Within one week of the first strands being deposited, all females had died. Five of the 13 females 

that died after spawning had classic characteristics of being spent, i.e. the ovaries appeared 

wasted or watery, the nidamental glands were small, tissue was slack and breaking down, 

mantles were flaccid, the oviducts were empty and stretched, and the condition of the animal 

was very poor. The ovaries of the remaining individuals still contained a large number of small 

oocytes (<1.5 mm), suggesting that the production of oocytes did not cease after egg deposition 

began (see individual represented by a red line in stage V of Fig. 6.1). The size-frequency 

distributions of ovarian oocytes in these trials were similar to those from females examined in 

the wild-caught samples. 
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6.4 Discussion 

6.4.1 Reproductive mode 

There were conflicting data regarding the reproductive mode of southern calamary from Gulf St. 

Vincent. All individuals kept in captivity were dead within a week of depositing their eggs in the 

tank. Many of these captive females showed signs of being spent, such as tissue degradation and 

lesions during and immediately after spawning. These were consistent with semelparity, i.e. 

individuals spawn once and then die, and had synchronous spawning (Mangold 1987; Boyle et 

al. 1995). However, in contrast the remaining evidence suggested that this species was non-

semelparous.  

 

It has been suggested that semelparous species should exhibit a strong relationship between body 

size and oviduct weight because females hold ovulated oocytes in the oviduct until all oocytes 

complete maturation (Harman et al. 1989). Likewise, the oviduct should become heavier than 

the ovary if oocytes were accumulating for one terminal spawning event (Moltschaniwskyj 

1995). Yet, no such evidence of the accumulation of mature oocytes was found for southern 

calamary collected from the wild. Very few oviducts from mature females weighed more than 

their ovaries, and there were relatively poor relationships between body size and both oviduct 

weight and the number of oviducal oocytes. This suggested that wild-caught female southern 

calamary may have been spawning intermittently and emptying their oviducts. There was some 

evidence to support this. Most notably, a macroscopic examination of female reproductive 

organs revealed many females with large, stretched oviducts that were empty. Similar oviducts 

for Sepioteuthis lessoniana, a close relative to southern calamary, were indicative of previous 

spawning for this multiple spawning species (Wada and Kobayashi 1995; Pecl 2000). No female 

southern calamary with large, empty oviducts appeared to be spent or dying, as would be 

expected of a semelparous species.  

 

Semelparous species such as Loligo opalescens typically express their lifetime fecundity in a 

spawning episode lasting hours, or at most, a few days (Fields 1965). Anecdotal evidence 

suggested that southern calamary mated and spawned over an extended period. In particular, 

several tagged females initially caught on the spawning grounds with spermatophores in their 

buccal membrane were recaptured over a month later with fresh spermatophores (Triantafillos 

1998). Many of these tagged females continued to grow whilst at liberty, which is also atypical 

of semelparous species. Semelparous species also usually undergo a rapid decline in condition 

once spawning begins, which results in a large-scale mortality event on the spawning grounds 
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immediately after spawning (Fields 1965). Despite the large amount of time spent on the 

principal spawning grounds, no evidence of dead or moribund southern calamary was ever 

found. A multiple spawning strategy was further supported by the relatively low gonadosomatic 

index of southern calamary. The highest GSI of any female from Gulf St. Vincent was 23.7%, 

but typically ranged between 10-15%. In comparison, the average weight of gonads invested in 

reproductive organs in most semelparous cephalopods is typically at least double this. For 

example, 23% of the body weight of Illex illecebrosus was invested in oviducal eggs alone 

(O'Dor 1983). The presence of numerous oocytes that were <1.5 mm in diameter in the ovaries 

of females that died in captivity soon after spawning further reinforced the idea of multiple 

spawning (Harman et al. 1989; Lewis and Choat 1993). Histological examination of southern 

calamary ovaries from Tasmania revealed that almost all oocytes <1.5 mm in diameter were 

primary oocytes (Pecl 2000). Females that only spawn once in a lifetime typically have no 

primary oocytes in their ovaries later in life (Arnold and Williams-Arnold 1977; Knipe and 

Beeman 1978; Coelho 1990; Perez et al. 1990).  

 

In combination, these different aspects of population biology provide a compelling case that 

southern calamary spawned more than once through the spawning season. The only conflicting 

evidence was that from the captivity trials. However, the results from these trials were dubious 

for three reasons. First, it was unclear how many times each individual had spawned prior to 

capture, since some females displayed signs of mating at the time of capture. Second, these 

results may have simply been an artefact of when the specimens were collected. All animals 

used in the trials were collected from Glenelg in either March or April, which was believed to 

correspond with the cessation of spawning activity in this region (Chapter 7), and so may have 

already deposited several batches of eggs prior to being captured. Third, all individuals used in 

the first trial were tagged as part of another experiment, which has since been found to greatly 

accelerate mortality rates in southern calamary (Triantafillos, unpublished data).  

 

The reproductive biology of southern calamary from Tasmania was similar to that from Gulf St. 

Vincent (Pecl 2001). Similarities included low gonadosomatic indices, the heavier weight of the 

ovary relative to the oviduct, the sustained feeding activity of mature animals and the relatively 

poor correlation between body size and oviduct fullness (Pecl 2001). Based on these 

characteristics, the Tasmanian southern calamary were also considered likely to be multiple 

spawners (Pecl 2001). 
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The reproductive biology of southern calamary varied considerably over a large spatial scale, as 

individuals from New South Wales, were different to those from Tasmania (Pecl 2001). For 

those from New South Wales, the body size of females was highly correlated with oviduct 

weight, suggesting that oocytes may have been accumulating for deposition in one single batch. 

Such spatial differences in reproductive biology may have been genetically determined as 

individuals from New South Wales belonged to a separate taxon to those of Tasmania and Gulf 

St. Vincent (Triantafillos and Adams 2001). 

 

6.4.2 Relationship between gonad maturation, size and age 

Average size, age and reproductive biology of southern calamary from the offshore waters of 

Gulf St. Vincent were clearly different to those from the inshore localities. Most of the former 

were sexually immature and ranged from 30 to 150 mm DML, whereas most individuals found 

on the inshore localities were sexually mature and >150 mm in DML. This supported the 

hypothesis that the offshore waters of Gulf St. Vincent were a nursery ground, and the inshore 

waters were used primarily for spawning (Chapter 4). The minimum size of mature southern 

calamary found on the inshore, spawning grounds did not vary between localities or over time, 

indicating that there must be a minimum threshold size and stage of maturity before migration to 

the spawning grounds occurs.  

 

Age-at-first maturity for both males and females was relatively constant between localities, 

although size-at-first maturity varied. In particular, males from Stansbury and Black Point were 

larger at the onset of maturity than those from Glenelg or Myponga. These findings are 

consistent with Okutani (1983), who found 3 spawning populations of Todarodes pacificus near 

Japan. One spawned in winter, another in summer and the third during autumn. The age at 

maturity was about one year for each population, with the winter and autumn populations 

attaining slightly larger sizes than the summer one. These differences were attributed to the latter 

populations experiencing cooler temperatures during the early life-history stages (Okutani 1983).  

 

Spatial differences in reproductive biology for southern calamary may also be generated by 

different growth patterns due to differences in season of hatching. Support for this was evident in 

Chapter 5, which showed that individuals from Stansbury and Black Point were hatched in 

different seasons to those from Myponga and Glenelg. 
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Several authors have proposed that variation in size-at-maturity allows flexibility in reproductive 

strategy (Boyle et al. 1995; Moltschaniwskyj 1995). For example, later maturing individuals that 

grow faster would be expected to live for a shorter time. These females would produce larger 

batches of eggs because of their size, but might produce fewer batches because they were 

reproductive for a shorter time. Conversely, earlier maturing females that grow more slowly 

might be expected to produce a greater number of smaller batches of eggs (Moltschaniwskyj 

1995).  

 

Aside from the differences in size-at-maturity, several other notable differences were found in 

southern calamary from Glenelg and Stansbury. Compared to those from Glenelg, the 

reproductive organs of females from Stansbury accounted for a much lower percentage of the 

total body weight. Also, seasonal differences were also detected between these two localities in 

the mean number of oviducal oocytes per female. These findings suggested that the reproductive 

strategy of southern calamary might vary over a relatively small scale. Such flexibility in 

reproductive strategy would potentially allow southern calamary to quickly adapt to fluctuations 

in physical and biological conditions (Stearns 1992; Moltschaniwskyj and Semmens 2000). 

 

6.4.3 Relationships between fecundity and fish size and age 

Two methods were used to estimate the fecundity of southern calamary. The first involved 

counting the number of oocytes found within the oviducal complex of wild-caught females, 

whereas the second method was based on the number of eggs deposited during the captivity 

trials. The maximum number of eggs recorded in an oviduct was 398 eggs, from a female that 

was 311 mm DML and weighed over 1kg, making her the third largest female caught in this 

study. In comparison, nine relatively small females (the largest was only 215 mm DML) 

deposited 9453 eggs in captivity inside 30 hours, equating to 840 eggs per individual per day. 

While this estimate of fecundity was obtained in an artificial environment, it clearly 

demonstrated that fecundity was grossly underestimated by counting the number of oocytes 

found in the oviducts. Thus, the latter should not be used as an index of fecundity for this 

species. Once size was adjusted for, the average number of eggs deposited per female was 

similar between trials, implying that these deposition rates may be representative of fecundity in 

southern calamary. Because the total number of oocytes in the oviduct of wild-caught 

individuals was much lower than the number derived from the captivity trials, it suggests that 

females must be able to spawn batches of eggs over a very short period. As yet, little else is 

known about the speed of spawning for southern calamary. 
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Of the 13 adult females kept in captivity, 10 had copulated prior to collection, based on the 

presence of spermatophores in their buccal membranes. By the time the captivity trials were 

completed, all 13 had copulated. Video footage showed that each female deposited eggs soon 

after mating and suggested that the presence of spermatophores on buccal membranes may be a 

useful index of spawning fraction. Support for this was provided by egg mop data collected from 

the wild, where trends in copulation rates were correlated with egg mop abundances on the 

inshore localities. Based on this, southern calamary were considered to be in spawning 

condition, i.e. egg deposition was in progress or imminent in the region if 50% of the females 

had mated. An index of spawning fraction is potentially a valuable tool in fisheries assessment 

because it can be used to estimate spawning frequency, i.e. the rate at which individual animals 

spawn. Spawning fraction has been used in teleosts (e.g. Fowler et al. 1999), but may be 

applicable to cephalopods.  

 

Most information on spawning frequency currently available is based on cephalopods kept in 

captivity. Such studies are restricted to species with short life-spans and are easy to culture, 

which are generally the tropical species (e.g. Lewis and Choat 1993; Moltschaniwskyj 1995).  

 

6.4.4 Sex differences  

For southern calamary, there were clear sex-based differences in growth for ages >200 days, 

with males growing at significantly greater rates than females (Chapter 5). Such differences have 

usually been attributed to divergences in the relative allocation of energy for the production of 

reproductive products (e.g. Weatherly and Gill 1987; Wootton 1985). Two facts supported this 

for southern calamary. Firstly, the proportion of body mass committed to reproductive structures 

of males was much lower than that for females, and secondly, the predominance of males >300 

mm DML suggested that natural mortality of males was lower than that of females. The latter 

was probably the result of the synergetic action of:  

 

1. the lower age of males than females at a certain length, and, thus the lower rate of 

exposure of males to predators; and 

 

2. higher mortality of females because of their higher energetic cost of reproduction 

(Weatherly and Gill 1987).  
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6.4.5 Summary 

The results of this chapter on the reproductive characteristics of individuals from different 

localities suggest that the offshore waters are a nursery area, from where the larger individuals 

move to the inshore grounds. At these places, mating and egg deposition takes place. Females 

are thought to deposit numerous batches of eggs throughout the reproductive season, although 

the number of batches yet remains undetermined. Males matured earlier and, on average, lived 

longer.  

 

In the following chapter, the consequences of this reproductive activity, in terms of recruitment 

to the population are considered in detail.  
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CHAPTER 7: PATTERNS OF RECRUITMENT 

7.1 Introduction 

Recruitment in a fishery context can be broadly defined as the "addition of individuals to the 

adult unit stock" (King 1995). Such addition usually occurs by the growth of smaller individuals 

to some threshold size (Ricker 1975) or, for exploited species, by the movement of individuals to 

the area where fishing occurs (Beverton and Holt 1957). The relationship between recruitment 

and spawning stock is generally considered the most important in biological assessment of 

fisheries because of its potential to provide insight into what happens to the size of the spawning 

stock size when recruitment fluctuates (Hilborn and Walters 1992; Myers and Barrowman 

1996). Disregarding the significance of stock to recruitment could ultimately lead to a collapse 

of the stock (Gulland 1983; Myers et al. 1995; Myers and Barrowman 1997).  

 

Many processes that affect fishery recruitment occur early in life, particularly during the egg and 

larval phases (Sissenwine 1984). Survival and growth at these early life-history stages largely 

depend on finding nourishment and avoiding predators (Veer et al. 1997; Houde 1997). Because 

these processes are highly dependent on external influences, subtle changes in survivorship can 

result in a many-fold variation in the eventual recruitment (Le Cren et al. 1977; Cushing 1988). 

Appreciation of the variability of these processes led Gulland (1983) to ask "Why do fish 

numbers not vary"? Here, he was expressing wonder at how stable are the stock sizes of many 

species, despite the variability in recruitment they receive, even under fishing pressure.  

 

Changes in physical environmental factors, such as oceanographic conditions have caused 

coherent trends in recruitment for a diverse array of species, primarily by influencing the 

production, abundance and distribution of important prey items and predators (Bradford 1999). 

Some effects of environmental factors are so robust that they influence entire assemblages of 

species and not just single species (Myers 1998). Such findings have led to the suggestion that 

environmental factors are far more important in determining recruitment than stock size (Gilbert 

1995). This has lead to considerable debate, especially among the numerous authors who believe 

that there is a fundamental relationship between recruitment and stock size (Ricker 1954; 

Beverton and Holt 1957; Myers and Barrowman 1996; Myers 1998). Adding to this debate is the 

fact that few of the many correlations between recruitment and environmental factors have stood 

the test of time (Myers 1998). Even when these correlations have held up over time, this still 

does not mean that spawning biomass is not also important. In his review of environment-
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recruitment correlations, Myers (1998) concluded that both abiotic and biotic factors should be 

studied if we are to understand variation in recruitment. Establishing the quantitative effects of 

environmental factors should remove much of the scatter about the relationship between 

recruitment and the environment, providing for a better understanding of the factors controlling 

recruitment and, potentially, to methods for enhancing production through recruitment 

stabilization (Rodhouse et al. 1998).  

 

Most species with highly variable stock-recruitment relationships characteristically have one 

thing in common, i.e. a long planktonic phase (Chambers and Trippel 1997). Southern calamary, 

like many cephalopods, do not have a planktonic phase (Boletzky 1998). From the moment they 

hatch, they can swim (Zeidler and Norris 1989), which greatly increases the probability of 

avoiding predators and finding nourishment, and thus enhancing their survivorship (e.g. Conover 

and Schultz 1997). Southern calamary have other life-history characteristics that may enhance 

their survival through the early life-stages, and thus decrease the variability in the stock-

recruitment relationship. These include large, yolky eggs and a short development time (i.e. the 

period from hatching to recruitment). Also, eggs of southern calamary are usually deposited in 

protected coastal waters, near rich sources of prey such as mysids and other small crustaceans 

(Zeidler and Norris 1989). As the eggs are attached to the benthos, and the spawning grounds 

rarely experience harsh environmental conditions, passive dispersal away from these productive 

grounds is minimised.  

 

Presently, very little is known about the recruitment process of southern calamary and so this 

chapter is concerned with developing a better understanding of such processes in Gulf St. 

Vincent. The specific aims addressed were fourfold: 

1. to describe spatial and temporal patterns of distribution and abundance of southern 

calamary egg mops, amongst the localities; 

2. to assess the possible influence of environmental characteristics in accounting for the 

patterns described in (1) including substratum type and physical environmental factors, 

as well as behaviour and fishing activity; 

3. to describe spatial and temporal patterns of distribution and abundance of newly-hatched 

individuals, amongst the localities; 

4. to experimentally assess the influence of water temperature on egg development and 

hatching success. 
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7.2 Materials and methods 

7.2.1 Distribution and abundance of eggs 
Development of sampling technique and regime  

A pilot study investigating the distribution and abundance of eggs in the shallow waters of 

Glenelg between January and August 1996 found that southern calamary attach their large, 

iridescent eggs to the benthos in shallow water (mostly <6 m depth), in aggregations that 

typically range in size from 2-50 egg mops (Fig. 7.1). Such egg mops were relatively easy to see 

from a boat. The study also found that the egg mops were patchily distributed over large areas 

and their abundance was highly seasonal.  

 

 
 
Figure 7.1  Southern calamary egg mops attached to some reef (A & B) and sand (C); scale bar = 5cm. 
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Furthermore, counts of egg mops made from the boat (BC) were compared with those made by 

underwater visual censuses (UVC) using both SCUBA and snorkelling. The results indicated 

that, on average, using the former just under twice as many mops were found as when using the 

latter. This relationship, described by the equation BC = (1.98  UVC) - 0.96, n = 42, r2 = 0.9, 

was strong and linear, indicating that boat counts were a reliable estimator of egg mop 

abundance. Underwater counts also took significantly longer (101.2 minutes compared to 23.4 

minutes; n = 42, P<0.001) than boat surveys to do, primarily because of the greater opportunity 

for searching cryptic habitats.  

 

Given that boat counts were proportional to underwater counts, but were faster to do, this 

methodology was subsequently used for the remainder of this study to provide seasonal 

estimates of egg mop abundance.  

 

Due to the extreme patchiness in the distribution of egg mops and the large area over which they 

were dispersed, it was not feasible to survey all spawning grounds. As such, a path was 

established for each locality, which was essentially a fixed transect. On each sampling occasion, 

this path was followed when that locality was visited and the egg mops were counted. Because 

of the difficulty in seeing the bottom from the boat in waters deeper than 10 m, each path was 

restricted to waters less than 10 m depth.  

 

The determination of path route was developed in consultation with several experienced local 

fishers and designed to cross the major spawning beds at each locality. Distances covered by the 

paths ranged from 5.3 km at Black Point to 7.5 km at Glenelg (Table 7.1).  

 
Table 7.1  Details of boat surveys done to provide relative abundances of egg mops at 4 localities in Gulf St. Vincent.  

 

Locality Sampling period No. of surveys Length of path (km) No. of major spawning beds 

Myponga  1/11/96 - 11/2/99 25 7.3 11 

Glenelg  30/1/96 - 23/4/99 30 7.5 10 

Black Point  29/10/96 - 28/7/98 14 5.3 4 

Stansbury  28/10/96 - 10/12/98 18 6.8 6 
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Sampling regime and analysis 

Between January 1996 and April 1999, monthly boat surveys were done at each of the 4 inshore 

localities when the water visibility was greater than 10 m (Table 7.1).  

 

Counts of egg mops were analysed for the period September 1996 to August 1998 to elucidate 

differences amongst localities and over time. Prior to analysis, counts of egg mops were 

standardised to number per kilometre. A ln (x + 1) transformation was used to stabilise the 

variances and normalise the distributions of the seasonal estimates of egg mop abundances. 

Transformed rates were compared by a univariate general linear model (SPSS, Type III sums of 

squares) with independent terms (fixed factors) of Locality, Season, and Year and the 

interactions Locality * Season, Locality * Year, Season * Year, and Locality * Season * Year. 

When a significant result was found, multiple comparisons amongst means were done using 

Least Significant Difference (LSD) tests.  

 

7.2.2 Environmental characteristics  
Substratum Type 

During September 1996 and August 1998, the type of substratum to which each egg mop was 

attached was classified to one of 8 types: Amphibolis spp.; Cystophora spp.; Sargassum spp.; 

Posidonia spp.; Ecklonia spp.; inanimate objects (such as rocks and shells); sand; and 

miscellaneous, including any seagrass or algal species not individually identified. Egg mops that 

were not attached were related to “sand”.  

 

To test for associations between substratum type and egg mop abundance, the various paths were 

sampled for substrata in December 2000, February and March 2001. Substratum type was 

sampled at 5 randomly chosen places along each of the 4 paths using the following technique 

and regime. A one-kilogram weight, attached to a buoy with 12 metres of rope, was thrown into 

the water every 10 metres for 500 metres and the type of substratum immediately under the lead 

weight was recorded. The same 8 categories of substrata were used here. One estimate for each 

substratum type was obtained for each place by pooling the data from the 50 throws and then 

converting this to a percentage. This thus provided 5 replicates estimates for each type, within 

each locality. These data were analysed by a two-factor analysis of variance (Locality * 

Substratum type). When a significant result was found, multiple comparisons amongst means 

were done using Least Significant Difference (LSD) tests.  
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Physical environmental factors 

The relationship between monthly egg abundances and 4 environmental parameters were 

assessed using Spearman’s rank correlation. The 4 parameters used were: 

1. mean monthly wind velocity; 

2. number of 3-hour events per month when rainfall exceeded 0.01 mm; 

3. number of 3-hour events per month when winds were strong and offshore.  

4. mean monthly water temperature.  

 

The first three parameters were considered as potential indices of water clarity in Gulf St. 

Vincent, as poor water clarity is common after heavy rainfall or a prolonged period of strong 

winds, particular when onshore (Chapter 4).  

 

This analysis could only be done for Glenelg and Stansbury because of the lack of data for 

Myponga and Black Point. 

 
Behaviour 

When the visibility through the water was exceptional, the behaviour of southern calamary was 

observed from the boat through a large glass-bottom bucket. Such observations were only made 

between the hours of 7-9am (morning) and 12-2pm (afternoon). All individuals observed were 

classified to one of five behaviour categories: “pair formation”; “egg laying”; “mating”; 

“feeding”; or “other” (Hanlon 1982; Sauer and Smale 1993; Hanlon et al. 1994; Hanlon and 

Messenger 1996; Hanlon 1998) (Table 7.2). Since few southern calamary were seen on the west 

coast of the Gulf St. Vincent, the data from these behavioural observations were presented only 

for Glenelg and Myponga. 

 
Table 7.2  Description of 5 behaviour categories for southern calamary. 

 

Behaviour Description 

Pair formation Male and female swim in close proximity to each other, with arms touching.  

Mating Passing of spermatophores to females using either a head-to-head position or in 

the male-parallel position (Fig. 2 of Hanlon 1998).  

Egg deposition Female approaches egg bed with her arms in a cone-like shape. Female then 

reaches into the base of an egg mop to attach a new strand. This is done 

individually or with male in close attendance. 

Feeding Feeding on prey or actively chasing prey (includes squid jig). 

Other Any behaviour not described above. 
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Fishing activity 

Because fishing activity was thought to affect cephalopod behaviour, and ultimately the number 

of eggs deposited (Hanlon 1998), the level of fishing activity on the spawning beds at the time of 

each behavioural observation was also noted. Fishing activity was classified as: unfished (no 

boating activity); light (1-4 boats); intermediate (5-8 boats); or heavy (>9 boats).  

 

To assess the relationship between egg abundance and the size of the spawning stock, the 

number of egg mops at each locality was plotted as a function of both regional monthly catch 

and monthly CPUE of the commercial jig fishery. The fishery regions used here were described 

in Chapter 4. 

 

7.2.3 Newly-hatched individuals 
Boat surveys 

Boat surveys were also used to determine the density of newly-hatched individuals near the 

surface of the water column. These surveys were restricted to calm days, when sighting 

conditions were optimal, to ensure that none were missed through wave action. The volume of 

each transect sampled was calculated by multiplying the transect width by depth (set at a 

maximum of 0.5 m) and the distance travelled, which was calculated using Global Positioning 

System.  

 

Approximately every fourth individual encountered was captured using a fine mesh scoop net 

(0.25 mm) and its DML measured to the nearest 0.1 mm, whilst still alive, to minimise any bias 

through shrinkage.  
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Surface tows 

In a separate sampling program, 57 surface tows were done throughout Gulf St. Vincent in 

December 1998 and December 2000 using a 1 m2 net of 0.505 mm mesh (Fig. 7.2). The average 

length of the tows was 442 m (SD = 39 m). Most tows were done in water deeper than 20 m, 

with only 8 done in waters <10 m (Fig. 7.2). Shallow water tows were avoided because the net 

did not operate as efficiently in waters <10 m. 

 

 
 
Figure 7.2  Map of Gulf St. Vincent showing the locality of the 57 surface plankton tows done in December 1998 and 

2000. 
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7.2.4 Egg Development and Hatching Success 
Laboratory observations 

Eight egg mops, all less than 24 hours old, were carefully detached from the benthos at Glenelg, 

and placed in a bucket filled with aerated seawater. Within an hour of detachment, these were 

transferred to a neutrally buoyant plastic bucket floating in a 1200L-rearing tank, where they 

were left to hatch. To minimise temperature shock, the water temperature of the rearing tank was 

set at ambient water temperature and light regime. These egg mops were collected at different 

times of the year, and the incubation temperature varied between 16ºC and 21ºC, depending on 

whether they were collected in mid-spring or at the end of summer.  

 

To determine the effect of water temperature on development time, a slightly different protocol 

was followed for one egg mop. Before being transferred to the rearing tank, a small 75-strand 

segment (mean strand = 4.12 embryos) was carefully removed from the mop and divided into 

three smaller segments of 25 strands. Each segment was then placed into a small (30cm x 15cm 

x 15cm) plastic aquarium with flow-through seawater and incubated at one of three temperatures 

(18ºC, 21ºC, 24ºC). The original mop (~350 strands) was transferred into a neutrally buoyant 

plastic bucket and incubated in the rearing tank at an ambient temperature of 20ºC. Like the 

rearing tank, each aquarium was exposed to ambient sunlight and care was taken to avoid 

disturbing the embryos, either by sudden mechanical perturbations or light intensity changes 

because it promoted unnatural hatching and artificial mortality. Strands with arrested 

development and those that had completely hatched, as well as newly-hatched individuals, were 

removed and counted on a daily basis.  

 
Field observations  

Numerous egg mops were collected from the field between September 1997 and December 1998 

and used to estimate several parameters, including the number of strands per mop, number of 

embryos per strand and total number of embryos per mop. Due to the difficulty in identifying 

individual embryos in young, undeveloped egg mops, all such mops were allowed to incubate 

for several weeks before their embryos were counted. The level of fishing activity on the 

spawning beds at the time of egg collection was also noted, with the same categories of fishing 

activity as used in the analysis of behaviour utilized here.  
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7.3 Results 

7.3.1 Distribution and abundance of eggs 

The commencement of the spawning season, determined by the first appearance of egg mops 

was consistent between years for each locality (Fig. 7.3). It typically commenced at Myponga in 

September, followed by Glenelg one month later, Black Point in late May and Stansbury in late 

June. The duration of spawning season at each locality was also consistent between years. At 

Myponga and Glenelg, egg mops were present for 7 months, whereas at Black Point and 

Stansbury, the spawning season was less protracted, generally lasting less than 5 months. There 

was a systematic pattern in the timing of peak egg deposition amongst localities. Egg deposition 

peaked at Myponga between November and January, followed by Glenelg in January and 

February, and Black Point during June. The last peak was recorded near Stansbury in July. 

Consequently, it appeared that egg deposition occurred in systematic sequence around the gulf in 

an anticlockwise direction (Fig. 7.3). 
 

In the analysis of egg mop abundances, the factors Locality and Season, and the interaction term 

Locality * Season, were significant (Table 7.3), indicating that there were seasonal differences in 

the number of egg mops counted among the 4 inshore localities during the sampling period of 

September 1996 to August 1998. Results of LSD tests suggested that these differences were 

restricted to Myponga and Glenelg. At Myponga, the highest numbers of mops were found in 

spring and summer, while the lowest were found in autumn. At Glenelg, mop abundance was 

highest in summer and autumn, and lowest in winter. Overall, there were substantially lower 

abundances of egg mops recorded at Black Point and Stansbury, and the seasonal trend was 

different to the other localities. The highest abundances at these latter localities were recorded in 

autumn and winter. When compared amongst localities, there was no agreement in the way 

seasons were ranked (P>0.05), suggesting that no one season supported higher mop abundances 

than others. Spatial differences in egg mop abundances were also detected amongst seasons 

(Table 7.3). During spring and summer, higher numbers of egg mops were counted at Myponga 

and Glenelg than at Black Point or Stansbury (Fig. 7.3). LSD tests could not identify any 

differences among localities during autumn and winter (Table 7.3).  

 

The interaction terms Locality * Year, Season * Year and Locality * Year * Season were all 

non-significant, suggesting that seasonal trends in egg mop abundances were consistent between 

years at each locality.  
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Figure 7.3  Number of egg mops counted per locality between January 1996 and April 1999 (note the change in scale 

for the Y-axes at Black Point and Stansbury). Dotted vertical lines indicate the start of every year. 
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Table 7.3  Summary of results of General Linear Model comparing transformed egg mop abundances amongst 4 

localities in Gulf St. Vincent and seasons for the period September 1996 to August 1998. Level of significance: ns = 

not significant as P>0.05; * = P<0.05; ** = P<0.01; *** = P<0.001. Comparisons amongst means by LSD tests are 

also shown (done on transformed data), with results presented as mean number per kilometre in decreasing order of 

magnitude. Means were not significantly different when they shared the same underline. 

 
Source Type III Sum of Squares df Mean square F P 

Corrected model 43.58a 30 1.45 3.23 *** 

Intercept 29.92 1 29.9 66.4 *** 

Locality 6.75 3 2.25 4.99 ** 

Season 4.44 3 1.48 3.28 * 

Year 1.89 1 1.89 4.19 ns 

Locality * Season 23.1 9 2.56 5.68 *** 

Locality * Year 0.21 3 0.07 0.15 ns 

Season * Year 1.18 3 0.39 0.87 ns 

Locality * Season * Year 2.03 8 0.25 0.56 ns 

Error 16.2 36 0.45   

Total 102.7 67    

Corrected total 59.9 66    
a r2 = 0.73 
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7.3.2 Environment characteristics 
Analysis of substrata and attachment types 

The relative cover of the different substrata varied significantly within each locality (Table 7.4). 

Sand consistently contributed the highest cover, whereas the contribution by the macroalgae 

Sargassum spp. and Ecklonia spp. was consistently the lowest (Table 7.5).  

 

The relative cover of 3 categories of substrate varied significantly amongst localities (Table 7.4). 

The macroalgae Cystophora spp. was more prevalent at Glenelg, Myponga and Stansbury than 

at Black Point. Amphibolis spp. was also more prevalent at these localities than at Black Point  

(Table 7.5). The third type of substratum that varied significantly among localities was species 

of Posidonia. The coverage of this seagrass was significantly higher at Black Point, Stansbury 

and Glenelg than at Myponga.  

 
Table 7.4  Summary of results of analysis of variance comparing the amount of cover of 8 substratum types amongst 

4 localities in Gulf St. Vincent. Level of significance: ns = not significant as P>0.05; * = P<0.05; ** = P<0.01; *** = 

P<0.001.  

 
Source Type II Sum of Squares df Mean square F P 

Corrected model 3692.7a 31 119.1 7.49 *** 

Intercept 24900 1 24900 1566 *** 

Substratum Type 2691.6 7 384.5 24.18 *** 

Locality 0.30 3 0.1 0.006 Ns 

Substratum Type * Locality 1000.8 21 47.6 2.99 *** 

Error 2035.2 128 15.9   

Total 30628 160    

Corrected total 5727.9 159    
a r2 = 0.65 
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Table 7.5  Comparisons amongst means by LSD tests of the relative cover of each substratum type amongst 4 

localities in Gulf St. Vincent. Results presented as percentage of cover in decreasing order of magnitude. Means are 

not significantly different when they share the same underline. 
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Of the 1416 egg mops found whilst using boat surveys between September 1996 and August 

1998, 23.6% were attached to species of Amphibolis. The next most commonly used attachment 

type for southern calamary eggs was Cystophora spp. (23.2%), followed by “Miscellaneous” 

(18.8%), Sargassum spp. (14.2%), Ecklonia spp. (8.6%), “Inanimate” (7.2%) and Posidonia spp. 

(2.8%). 1.6% of the egg mops found were not attached to any habitat.  

 

No correlation was detected between the availability of substrata and the number of egg mops 

attached to the different substratum types at any of the 4 localities (Table 7.6). This suggested 

that the egg mops were not distributed randomly, but the attachment sites were actively chosen. 

There was some evidence to support this. Approximately half the total number of egg mops were 

attached to either Amphibolis spp. or Cystophora spp., yet they accounted for less than a quarter 

of total cover (Fig. 7.4). Furthermore, few egg mops were associated with either Inanimate 

objects or Sand, despite these two categories accounting for over a third of total cover.  

 
Table 7.6  Results from correlation analyses between the number of egg mops attached to the different substratum 

types at 4 localities in Gulf St. Vincent between September 1996 and August 1998 and the availability of substrata. 

Level of significance: ns = not significant as P>0.05; * = P<0.05; ** = P<0.01; *** = P<0.001. n is sample size. 

 
 n rs P 

Myponga 8 -0.02 ns 

Glenelg 8 0.15 ns 

Black Point 8 0.26 ns 

Stansbury 8 0.31 ns 
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Figure 7.4  Relative percentage cover (+ SE) of the 8 types of substrata at each locality (red). Also shown is the 

number of egg mops attached to the various substrata for the period September 1996 to August 1998 (blue). n is the 

total number of egg mops counted at that locality over the sampling period.  
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Physical environmental factors 

(i) Water temperature 

Water temperature showed systematic seasonal variation at both Glenelg and Stansbury, ranging 

from approximately 11.9 to 23.1ºC (Fig. 7.5). At Glenelg, there was a positive correlation 

between water temperature and egg mop abundance (Table 7.7). As water temperature reached a 

maximum (21-23ºC) in January, so did egg mop abundance, and when water dropped to the 

minimum, egg mop abundance also declined (Fig. 7.5). Alternatively, there was a different 

pattern at Stansbury, where egg mops were absent at high temperatures, but their abundances 

increased as temperatures dropped. There was, however, no significant correlation between 

water temperature and egg mop abundance there (Table 7.7).  

 
Figure 7.5  Plot of egg mop abundance and water temperature at 2 localities in Gulf St. Vincent for the period January 

1996 to April 1999. Sampling months of egg mops are shown in black. 

Jan-96 Jul-96 Jan-97 Jul-97 Jan-98 Jul-98 Jan-99
0

4

8

12

16

20

24

28

0

4

8

12

16

20

24

28

0

10

20

30

40

0

50

100

150

200Glenelg

Stansbury

W
at

er
 t

em
pe

ra
tu

re
 (
°C

)

N
um

ber of egg m
ops counted

Month

Jan-96 Jul-96 Jan-97 Jul-97 Jan-98 Jul-98 Jan-99
0

4

8

12

16

20

24

28

0

4

8

12

16

20

24

28

Jan-96 Jul-96 Jan-97 Jul-97 Jan-98 Jul-98 Jan-99
0

4

8

12

16

20

24

28

0

4

8

12

16

20

24

28

0

10

20

30

40

0

50

100

150

200Glenelg

Stansbury

W
at

er
 t

em
pe

ra
tu

re
 (
°C

)

N
um

ber of egg m
ops counted

Month



Chapter 7  Patterns of Recruitment 

 160

(ii) Indices of water clarity 

At Glenelg, egg mop abundances were inversely correlated with both mean monthly wind 

velocity and the number of 3-hr rainfall periods providing >0.01 mm (Table 7.7). Egg mop 

abundances at Glenelg were also inversely correlated with strong offshore winds, when sea 

breezes were excluded from the analysis. At Stansbury, egg mop abundances were inversely 

correlated with mean monthly wind velocity and strong, onshore winds, but not with the number 

of periods when rainfall was >0.01 mm. The high proportion of inverse correlations between 

indices of water clarity and mop abundance at these two localities suggested that fewer egg 

mops were found when water clarity was poor.  

 
Table 7.7  Correlation of 4 physical environmental factors with egg mop counts from 2 localities in Gulf St. Vincent. 

Level of significance: ns = not significant as P>0.05; * = P<0.05; ** = P<0.01; *** = P<0.001. n is sample size. 

 

  Glenelg  Stansbury 

 n rs P n rs P 

Monthly mean sea temperature  30 0.66 *** 18 -0.08 ns 

Monthly mean wind velocity 30 -0.52 ** 18 -0.62 ** 

Strong onshore winds 24 -0.43# * 18 -0.62 ** 

Rainfall events >0.01mm 30 -0.62 *** 18 0.36 ns 
#non-significant (n = 30, rs = -0.336, P = 0.07) when sea breezes were included in the analysis (i.e. onshore winds in summer that 

lasted for less than 3 hours). 

 
Behaviour 

Between the hours of 7 and 9am, 40% of southern calamary seen on recently formed, unfished 

spawning beds (<2 days old) were feeding, whilst few displayed any signs of reproductive 

behaviour, such as pair formation, mating or egg oviposition (Fig. 7.6a). By midday, the 

percentage feeding had dropped to 10% while over 47% were engaged in some type of 

reproductive behaviour. This represented a statistically significant change in behaviour between 

times of the days (χ2 = 29.6, df = 4, P<0.0001). On the other hand, there was no difference in 

behaviour between fished and unfished grounds (χ2 = 4.14, df = 4, P>0.05). Over half the 

individuals observed on the heavily fished grounds in the afternoon were in the process of 

reproductive behaviour (Fig. 7.6b). 
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Figure 7.6  Frequency distribution of various behaviours recorded for southern calamary from Glenelg and Stansbury 

during (A) the morning (7-9am) and afternoon (12-2pm) and (B) on unfished and heavily fished spawning beds, 

September 1997 and December 1998. 
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Fishing activity 

There was a good relationship between egg mop abundance and monthly commercial jig catch at 

Myponga and Stansbury, and to a lesser extent at Glenelg (Fig. 7.7). Catches were generally 

highest 1-2 months before the egg mop abundances peaked, and lowest in the months when no 

mops were found. A reasonable relationship was also detected between egg mop abundance and 

regional fishery-dependent CPUE, with estimates of CPUE lowest when no mops were 

deposited and highest 1-2 months before egg mop abundance peaked (Fig. 7.8). The only 

locality where neither jig catch nor fishery-dependent CPUE was significantly correlated with 

egg mop abundance was Black Point (Table 7.8). 

 
Table 7.8  Correlation of egg mop abundance with monthly catch and CPUE of the commercial jig fishery at 4 

localities in Gulf St. Vincent. Level of significance: ns = not significant as P>0.05; * = P<0.05; ** = P<0.01; *** = 

P<0.001. n is sample size. 

 
  Catch   CPUE  

 n rs P n rs P 

Myponga 24 0.437 * 18 0.538 * 

Glenelg 33 0.366 * 21 0.586 ** 

Black Point 14 0.373 ns Insufficient data 

Stansbury 18 0.629 * Insufficient data 

 

Furthermore, the number of eggs deposited at each locality was inversely related to the catch of 

the previous year. For example, subsequent to the high catch at Myponga in the spawning season 

of 1997/98 there was a low number of eggs deposited in the spawning season of 1998/99 (Fig. 

7.7). A similar high catch-low recruitment was observed at Glenelg in the spawning season of 

1997/98 and, to a less extent, at Stansbury in 1998. Conversely, low catches in one year were 

usually followed by high recruitment in the next. Two examples were evident for Glenelg and 

Myponga for 1996/97. Black Point was again the only locality that did not display such explicit 

patterns (Fig. 7.7). 
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Figure 7.7  Number of egg mops as a function of monthly catches for the southern calamary commercial jig fishery at 

5 localities in Gulf St. Vincent, January 1996 to April 1999. In all these figures, a line represents the number of egg 

mops (note the change in the secondary y-axis for Black Point and Stansbury). 
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Figure 7.8  Number of egg mops as a function of monthly CPUEs for the southern calamary commercial jig fishery at 

5 localities in Gulf St. Vincent, January 1996 to April 1999. In all these figures, a line represents the number of egg 

mops (note the change in the secondary y-axis for Black Point and Stansbury). 
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7.3.3 Newly-hatched individuals 
Boat surveys 

Newly-hatched individuals were never seen near the surface at either Black Point or Stansbury. 

Two thirds of such individuals were sighted at Myponga, with the remainder seen at Glenelg 

(Table 7.9). The spatial distribution pattern of newly-hatched individuals was non-random, as 

most were within 700 m of a spawning bed (i.e. an area containing several egg mops). The 

greatest distance that a newly-hatched individual was found from a spawning bed was 3.5 km. 

The temporal distribution pattern of newly-hatched individuals was also non-random, as their 

density usually peaked about 4-6 weeks after the peak in egg mop abundance (cf. Fig. 7.3 with 

Fig. 7.9). This lag corresponded with the average development time of eggs on the east coast of 

Gulf St. Vincent at that time of the year (see section 7.3.4).  

 

Density of newly-hatched individuals at Myponga usually peaked in January, while at Glenelg it 

peaked 1-2 months later (Fig. 7.9).  

 
Figure 7.9  Mean density of newly-hatched individuals per km3 (+ SE) seen at 2 localities in Gulf St. Vincent, as 

estimated using boat surveys, July 1996 and April 1999. 
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All newly-hatched individuals caught by boat surveys were less than or equal to 8 mm DML and 

size did not vary significantly between these two localities (t = 1.1, n = 78, P>0.05).  

 
Table 7.9  Details of the sampling period, and volume searched during surface visual surveys to count newly-hatched 

individuals at 4 localities in Gulf St. Vincent. Also shown are the range of DML and mean distance to the nearest 

spawning bed. n is the total number of newly-hatched individuals counted. 

 

Locality Sampling period No. of 

surveys 

Area searched 

(m3) 

n DML range 

(mm) 

Mean distance to 

spawning bed (m) 

Myponga 24/11/96-11/2/99 19 28540 168 4.5 – 8.0 478 

Glenelg 14/12/96-23/4/99 20 19450 61 4.5 – 7.9 694 

Black Point 3/1/97-2/7/97 10 11200 0 - - 

Stansbury 4/2/97-8/10/98 12 11820 0 - - 

 
Surface tows  

Surface tows done throughout the gulf in December 1998 and 2000 provided further support of 

limited distribution of newly-hatched individuals. Despite sampling systematically throughout 

the gulf, individuals were only caught at 6 of the 57 stations (Fig. 7.10). Two individuals were 

caught at one station in 1998, and a further 13 were caught at 5 stations in 2000. The 6 stations 

were all located on the eastern side of the gulf, near Myponga and Glenelg. The highest catch at 

one station was 7 individuals, which was that nearest to Glenelg in 2000. All 15 newly-hatched 

individuals caught were less than or equal to 8 mm DML. 
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Figure 7.10  Map of Gulf St. Vincent showing the location and abundance of newly-hatched individuals caught in 57 

surface tows done in December 1998 and 2000. 
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7.3.4 Egg Development and Hatching Success 
Laboratory observations 

The following observations were made for a known-age egg mop (less than 24 hours old) that 

was incubated at 18ºC (the ambient water temperature where the egg mop was collected was 

18.7ºC). After 15 days in the tank, the eggs began to swell in size, continuing to enlarge until the 

nineteenth day. By the twenty-eighth day, the embryos were visible within the eggs. The 

embryos began to move by day 32. Hatching began on the thirty-seventh day, peaked on the 

forty-fifth day and was complete by the fifty-second day.  

 

This sequence of developmental stages was typical for other egg mops, except that the timetable 

varied according to incubation temperature (Table 7.10). There was an inverse relationship 

between incubation temperature (IT) and development time (DT), described by the relationship: 

DT = 88.3 – (2.866  IT.), r2 = 0.91. When the incubation temperature ranged between 16-20ºC, 

hatching success was extremely high, but dropped markedly when as the incubation temperature 

increased above 20ºC. Hatchlings deposited in captivity had a mean DML of 4.75 mm (+ 0.046 

mm; n = 67). 

 
Table 7.10  Development time and hatching success of southern calamary egg mops incubated at a range of 

temperatures. Standard errors in brackets. 

 

Incubation  

temperature (°C) 

No. of Trials Mean time 

to hatch (d) 

Time taken to 

finish hatching (d) 

% hatching success rate 

16 2 43.5 (1.5) 15 (3.5) 97.5 (1) 

18 2 37 (1) 15 (3) 98 (2) 

19 2 34.5 (2.5) 10 (2) 96 (2) 

20 2 31 (2) 7 (2) 98 (1) 

21 2 26.5 (1.5) 6.5 (3) 68 (10) 

24 1 21 4 15 
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Field observations 

Number of embryos per finger ranged from 2 to 6 (mean = 3.66 + 0.22) and the number of 

fingers per mop varied from 142 to 2155 (mean = 505.9 + 42.2). Although the number of eggs 

per mop ranged from 521 to 7899 (mean = 1854.3 + 154.7), most mops had between 800 and 

1700 eggs (Fig. 7.11).  

 

 

Figure 7.11  Frequency distribution of the number of embryos per egg mop for 75 egg mops collected from 4 

localities in Gulf St. Vincent between September 1997 and December 1998. 
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The number of embryos in egg mops varied among seasons (F = 3.94, df = 3, P = 0.012). The 

largest mops were found in spring, and were significantly larger than those deposited in summer, 

autumn and winter (Fig. 7.12A). The number of eggs in mops also varied among spawning beds 

exposed to different levels of fishing activity (F = 7.84, df = 3, P<0.0001). A posteriori tests 

showed that average mop size on unfished spawning beds were similar to those with light fishing 

activity (P>0.05), but significantly higher than localities heavy fishing activity (P<0.001; Fig. 

7.12b).  

 
Figure 7.12  Box plots of the number of embryos per egg mop on spawning beds in Gulf St. Vincent at (A) different 

times of the year and (B) with various levels of fishing activity, between September 1997 and December 1998. 

Sample sizes on which egg mop sizes are based are indicated above boxes. Results of LSD tests comparing egg mop 

sizes during seasons and at various levels of fishing activity are indicated by letters. Means are not significant when 

they share the same letter. 
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7.4 Discussion  

One advantage of examining the patterns of egg deposition of southern calamary over most 

marine species was that they typically attached their large, iridescent white egg mops to the 

shallow water benthos. This made mops easy to see from the surface, and as such, boat surveys 

could be used to search for evidence of egg deposition over large areas in a relatively short 

period of time. Another advantage of these egg mops was that they appeared to have few 

predators and a development time well in excess of four weeks. Such characteristics made it 

possible, for most of the year, to provide an estimate of egg deposition in that region over the 

past month. Although they were restricted to waters less than 10 m deep, boat surveys were 

likely to be representative of egg deposition in the four localities examined because there was 

strong circumstantial evidence that few egg mops were deposited in waters deeper than 10 m. 

Firstly, numerous surface tows found no newly-hatched individuals in the offshore waters of 

Gulf St. Vincent. Secondly, the benthos for the offshore waters is dominated by sand and mud 

(Shepherd and Sprigg 1976; Edyvane 1999), both of which appear to be unsuitable for the 

attachment of eggs. Finally, most commercial fishers target southern calamary in spawning 

aggregations, where catch rates are highest. Yet, throughout this study, few commercial fishers 

were ever seen to target southern calamary in waters deeper than 10 m.  

 

7.4.1 Spatial and temporal patterns of egg mop abundance 

Egg mops were found at all inshore localities, but there was no correlation between the 

availability of substrata and the number of egg mops attached to the different types of 

substratum. This suggests that southern calamary preferentially select certain attachment types 

for their eggs, particularly Amphibolis spp. and macroalgae. Southern calamary deposited their 

eggs throughout the year in Gulf St. Vincent. It has been suggested that year-round deposition, 

which has been found in other loliginids such as Loligo forbesi (Lum-Kong et al. 1992) and 

Loligo vulgaris reynaudii (Augustyn et al. 1992), provides short-lived species with limited 

overlapping generations a constant supply of recruits (Boyle and Boletzky 1996). Consequently, 

this might be a bet-hedging mechanism by southern calamary that reduces the risk of recruitment 

failure. While egg deposition lasted throughout the year, egg mop densities varied significantly 

temporally and spatially. Most notably, an order of magnitude higher density of egg mops was 

found at Myponga and Glenelg than at Black Point and Stansbury. One hypothesis to account for 

this difference is that the availability of the preferred substrata for egg attachment varied 

significantly between the two sides of the gulf. The analysis of substrata at these localities 

suggested otherwise. The availability of Amphibolis spp. and Cystophora spp., the two most 
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popular attachment types for southern calamary eggs, were similar at Myponga, Glenelg and 

Stansbury. Consequently, the differences in the number of egg mops deposited on the two sides 

of the gulf must relate to some other factor other than substratum type. 

 

Given the correlation between the commercial jig catch and peak mop abundance, it was 

possible to use such data to infer the month of peak egg deposition for the fishery regions of 

Gulf St. Vincent where egg surveys were not done. The results of this analysis, for 1998, along 

with confirmed sightings of egg mops from previous research, are presented in Figure 7.13. 

They suggest that eggs were deposited in a distinct seasonal pattern. Egg deposition typically 

commenced near Kangaroo Island in September and then proceeded in an anticlockwise 

sequence around the gulf at a rate of 30 km per month until it occurred at Edithburgh in July. 

The pattern of egg deposition conformed to the seasonal variation in distribution and abundance 

of spawning adults. Moreover, similar patterns and rates of egg deposition were found when the 

catch data of 1987-1997 were separately analysed, suggesting that this sequential, systematic 

pattern of egg deposition and rate of movement were consistent among years.  

 
Figure 7.13  Peak spawning activity of southern calamary in Gulf St. Vincent, as predicted by analysis of catch and 

effort data of the commercial jig fishery for 1998 and from previous research (shown in red; see Smith 1983). 
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This begs the question “what controls this anticlockwise sequential pattern in abundance of 

adults and egg mops?” Egg deposition occurred over a similar temperature range at both Glenelg 

(14.2-23.1ºC) and Stansbury (12-21.6ºC). For this reason, it is hypothesised that the distribution 

of spawning aggregations in Gulf St. Vincent was limited by extremes in water temperature. 

Limited data support this hypothesis. Laboratory trials found that the development of southern 

calamary eggs was retarded and egg mortality enhanced at temperatures greater then or equal to 

24ºC. This may account for why there was little or no evidence of egg deposition in the northern 

regions of the gulf during summer, when shallow surface waters reached as high as 25.9ºC 

(Edyvane 1999). It is also likely that temperatures below 14ºC would retard embryonic growth, 

as was the case for Loligo vulgaris reynaudii, a large-egged loliginid similar to southern 

calamary (Augustyn 1989 cited in Sauer et al. 1992). Likewise, this might explain why there was 

little or no egg deposition in the southern and eastern regions of the gulf during winter, when 

shallow surface waters dropped to as low as 11.9ºC.  

 

Correlations between water temperature and egg deposition have been widely reported in the 

literature for other cephalopods. For instance, spawning groups of Illex argentinus in the 

southwest Atlantic were linked with the subtropical convergence zone of the Falkland 

(Malvinas) Current system (Haimovici et al. 1998). Each year, this species would move away 

from feeding grounds, which are mostly found in cool waters (4-12ºC) and emigrate towards 

warmer regions to spawn (>15ºC), possibly because the eggs fail to develop at temperatures 

below 12ºC (Haimovici et al. 1998).  

 

Despite the likelihood of a physiological tolerance for southern calamary eggs, abundances of 

egg mops and adults peaked at Glenelg when the temperature was 20-23ºC, but at Stansbury 

when the temperature ranged between 14-17ºC. These spatial differences in abundance patterns 

of eggs mops and adults suggested that water temperature was unlikely to be the mechanism that 

caused these systematic, sequential patterns in Gulf St. Vincent. An alternative mechanism for 

the seasonal patterns of egg mops and adult abundances is given below. In Gulf St. Vincent, 

water clarity largely depends on wind direction and rainfall. In the summer, there is little rain 

and the prevailing winds are from the south-east. Consequently, water clarity is clear on the 

eastern side of the gulf, but murky on the western side. At this time, egg mops and adults are 

most abundant on the eastern side, i.e. where the water is clear. In winter, the winds are 

predominantly from the south-west, so the water on the eastern side is relatively murky. At this 

time, egg mop and adult abundances are higher on the western side, where the water is 
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significantly clearer. From these findings, it is hypothesised that the seasonal pattern of 

spawning activity around Gulf St. Vincent is a consequence of adults requiring a certain 

temperature range and clear water to maximise mating behaviour and spawning activity. The 

latter is consistent with Loligo vulgaris reynaudii from South Africa (Augustyn 1989 cited in 

Sauer et al. 1992; Roberts and Sauer 1993), and what little is known about the mating behaviour 

of southern calamary. This behaviour is typically accompanied by a courtship display that 

involves an array of vivid chromatophore patterns that is both complicated and elaborate 

(Dunning and Lu 1997; Mangold et al. 1998). Since chromatophores are harder to see when 

water clarity is poor (e.g. Loligo vulgaris reynaudii, Roberts and Sauer 1993), there is more 

chance of successful courtship and mating when waters are clear (Mangold et al. 1998).  

 

There was a strong relationship between egg mop abundance and monthly commercial jig catch, 

which was consistent among localities and years. Monthly jig catches were generally highest 1-2 

months before egg abundance peaked, and lowest in the months when no eggs were evident. The 

1-2 month delay is possibly accounted for by the time required for aggregations to move into a 

region and to complete spawning. There was also an inverse relationship between jig catch and 

the number of eggs deposited in the following season, i.e. low catches were usually followed by 

high egg abundances a year later, while high catches were usually followed by a low number of 

eggs in the following season. Also, annual jig catch was related to the level of egg abundance of 

the previous spawning season. For example, at Myponga, the highest count of eggs was obtained 

in the spawning season of late 1997 and early 1998, which was followed by a record catch in the 

next season, 8-9 months later. The inverse nature of the former relationship was probably a 

reflection of spawner abundance, i.e. the larger the catch landed by the fishers, the fewer 

individuals left to spawn resulting in an associated reduction in the number of eggs deposited.  

 

A similar pattern of egg abundance was found for Loligo vulgaris reynaudii in South Africa, 

where fishing reduced the number of mating pairs on the spawning beds, and once the density 

fell below a critical threshold, egg deposition ceased and the remaining individuals dispersed 

(Sauer 1995). This would help explain why the mean size of southern calamary egg mops and 

the total numbers of egg mops found on grounds that were not fished were significantly higher 

than those on spawning grounds that were fished.  
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Assuming that catch was related to size of spawning stock and that egg abundance is an index of 

recruitment, then the results are consistent with Agnew et al. (2000), who found that the 

spawning stock biomass of Loligo gahi around the Falkland Islands was strongly related to 

recruitment at moderate densities of spawners (the relationship was not as strong at high and low 

levels of spawners). Such findings support Myers and Barrowman (1996) and numerous other 

authors who believe the relationship between stock and recruitment is fundamental. A positive 

correlation between spawning stock biomass and recruitment does, however, contradict Gilbert’s 

(1995) suggestion that recruitment is random and independent of spawning stock biomass.  

 
Interannual differences in egg abundance 

Estimates of egg mop abundance varied considerably from year-to-year, particularly at 

Myponga, where counts went from a peak of 80 mops in 1996 to 186 in 1997 and then declined 

to 44 mops in 1998. There are many factors that may have contributed to such variation, apart 

from the obvious impact of fishing (Bakun and Csirke 1998). One factor common among many 

studied cephalopod species is cannibalism (Augustyn 1991; O'Dor and Coelho 1993, O’Dor 

1998). Cannibalism by large, mature southern calamary of sub-adults was prevalent on both the 

nursery and spawning grounds, but particularly at the latter towards the end of the spawning 

season (Triantafillos, unpublished data). Although there were no quantitative data indicating the 

significance of cannibalism on population size of cephalopods, Cook and Armstrong (1986) 

provide an example for teleosts, where cannibalism regulates recruitment. A similar scenario 

may have occurred for southern calamary, and may account for why juveniles wait until they 

reach a threshold size before migrating to the spawning grounds (Chapter 6).  

 

7.4.2 Newly-hatched individuals  

The distribution and abundance of newly-hatched individuals in Gulf St. Vincent was not 

random, as they were always associated with the presence of egg mops. The lower abundance of 

egg mops, and subsequent reduced probability of encounter at Black Point and Stansbury would 

explain why no newly-hatched individuals were seen on the west side of the gulf. No individuals 

larger than 8 mm DML were seen on the surface, suggesting that they became benthic around 

this size. The most likely destination for such newly-hatched individuals were the low relief 

areas adjacent to beds of Amphibolis spp. because numerous individuals of 15 - 30 mm DML 

were seen in such places whilst diving, particularly during summer.  
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7.4.3 Factors that influence the recruitment of southern calamary  

Apart from the possible influences of fishing and cannibalism, other factors may have further 

contributed to the variability in the southern calamary stock-recruitment relationship. One such 

factor is by-catch. Each year, prawn trawlers removed numerous juveniles and sub-adults from 

the offshore grounds before they could recruit to the inshore grounds of the fishery. The numbers 

caught were largely unknown because catch records have never been kept by the prawn industry. 

Previously, I have estimated that prawn trawlers operating in Spencer Gulf and Gulf St. Vincent 

caught well over one million juveniles in 1996, with about 35% coming from Gulf St. Vincent 

(Triantafillos 1997). If this estimate were accurate, then prawn trawlers caught more individuals 

in Gulf St. Vincent each year than the commercial and recreational fishery sectors combined. 

The number of individuals caught by prawn trawlers was likely to vary each year, depending on 

factors such as gear type used, speed of trawl, and which grounds were fished.  

 

The environment is also likely to have influenced the recruitment of southern calamary. Positive 

correlations between water temperature and recruitment have been widely reported in the 

literature for other cephalopods (Gulland 1983; O’Dor et al. 1998; Waluda and Pierce 1998; 

Waluda et al. 1999), particularly for the newly-hatched and juvenile stages. The results of 

Chapter 5 suggested that a slight increase in temperature (1-2ºC) could substantially affect the 

growth of juvenile southern calamary. This, in turn, would likely increase survival because 

sensitivity to starvation decreases, while foraging success and swimming capabilities generally 

increase with size. Similar observations have lead to widespread acceptance of the ‘bigger is 

better’ paradigm and its implicit corollary: ‘the faster you get bigger the better’ (Houde 1987; 

Conover and Schultz 1997). Based on this paradigm, recruitment could decrease during years of 

lower temperatures. If there is some validity to the hypothesis that courtship and reproduction 

declined when water clarity was poor, then recruitment would likely fall during years of 

prolonged onshore winds and rainfall, the two main contributors of murky water in Gulf St. 

Vincent. 

 



Chapter 8  General Discussion 

CHAPTER 8:  GENERAL DISCUSSION 

The primary objective of this thesis was to better understand the population biology and fishery 

of southern calamary in Gulf St. Vincent, South Australia in order to facilitate the management 

of this important natural resource. In this chapter, I review the findings and discuss their 

implications for the management process. 

 

8.1 Description of aspects of population biology 

8.1.1 Population Genetic Structure 

Three different genetic types of southern calamary occur across the distributional range of the 

species, comprising 2 parental taxa that seem to mate at random where they co-occur, to form 

semi-sterile hybrids. The distribution of these types seemed to be largely determined by 

oceanographic processes. The occurrence of more than one genetic type in most regions casts 

doubts over the validity of all previous ecological research conducted on this species, the results 

of which did not consider the true systematic complexity, particularly as these types differed in 

their growth and reproductive biology (Triantafillos, submitted). In Gulf St. Vincent, the 

“central” type was dominant, with no evidence of population substructuring. This is consistent 

with a randomly mating population. The driving force behind such homogeneity in population 

structure is thought to be the mixing of individuals from different areas during the juvenile 

phase, suggesting that the biological and ecological information gathered from this gulf was 

unlikely to be tainted with large inter- and intra-specific populations differences.  

 

8.1.2 Patterns of Distribution and Abundance 

Although they were unevenly distributed with respect to size, age and sexual maturity, southern 

calamary were found throughout Gulf St. Vincent. Two age classes, i.e. the newly-hatched 

individuals and the mature adults were predominately found inshore, usually in waters of <10 m, 

but up to 20 m in depth. Alternatively, the intermediate age class, i.e. the juveniles, were mostly 

found offshore in deeper waters (>20 m). The abundance of the adults in inshore waters varied 

amongst localities and over time, being most abundant in the south-eastern regions of the Gulf 

during late spring and early summer. Thereafter, the pattern of abundance varied spatially in a 

systematic, sequential way that conformed to an anticlockwise progression around the Gulf. The 

progression culminated in a peak in annual abundance in the south-west region usually in late 

winter. The mechanism responsible for this sequential pattern is explored in following sections.  
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8.1.3 Age and Growth  

Estimates of age derived from counts of statolith microincrements revealed that the lifespan of 

this species was less than one year, which is consistent with southern calamary from Tasmania 

(Pecl 2000) and other loliginids such as Sepioteuthis lessoniana (Jackson 1990) and Loligo gahi 

(Hatfield 2000). A consequence of this short life span is that populations were extremely 

responsive to environmental variability (Boyle and Boletzky 1996). For instance, growth was 

strongly influenced by water temperature. Individuals that hatched in late winter and which 

encountered progressively warmer temperatures, grew significantly quicker than those that 

hatched in autumn and grew through winter.  

 

Another consequence of this short lifespan was that there was relatively little overlap between 

adult generations. As a result, the size of populations in Gulf St. Vincent was largely dependent 

on the success of recruitment of the previous spawning season (Boyle and Boletzky 1996). The 

need, therefore, to maximise recruitment may explain why most eggs were deposited on the east 

coast of the gulf during spring and summer, when southern calamary growth was quickest. 

Faster growing juveniles are likely to survive better than slower growing ones because 

swimming ability generally increases with size, making them less vulnerable to predation and 

better at foraging (Chambers and Trippel 1997).  

 

Males grew faster and attained a larger size and weight than females at equivalent ages. These 

findings were consistent with southern calamary from Western Australia, New Zealand, and 

western South Australia (Triantafillos, submitted), but not those from Tasmania (Pecl, 2000). 

The gender differences in growth amongst different geographic regions may reflect regional and 

genetic differences in reproductive strategies (Pecl 2001; Triantafillos and Adams 2001).  

 

8.1.4 Reproductive Biology  

There was a distinct seasonal trend in the reproductive activity at each inshore locality that was 

consistent among years. Reproductive activity, characterised by the high abundance of adults, 

particularly females, typically peaked in Myponga in spring and then proceeded in an 

anticlockwise direction around the gulf until it peaked at Stansbury in the following winter. 

There are several hypotheses that may account for such a seasonal trend. Firstly, the spawning 

aggregations may move around the gulf, i.e. moving up the east coast through spring and 

summer, then down the west coast in the following autumn and winter. The second hypothesis 

suggests that individuals at or near the different inshore localities matured at different times of 
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the year, and then moved short distances inshore to the nearest spawning grounds. If the former 

is true, then the age of females from these spawning aggregations should increase as they move 

around the gulf. Consideration of the locality-specific estimates of age indicated that this was not 

the case. Indeed, age-at-first maturity and maximum age were relatively consistent among 

inshore localities. Furthermore, the results of previous tagging studies indicated that mature 

individuals did not move much once they were on the spawning grounds (Smith 1983; 

Triantafillos 1998). Consequently, consideration of the empirical evidence to date provides 

strong support for the latter hypothesis, i.e. that reproductive maturation conformed to a 

systematic, seasonal, spatial pattern. The likely cause of this systematic pattern is explored in the 

next section.  

 

This study indicated that southern calamary deposit more than one batch of eggs, which is 

contrary to the traditional cephalopod life-history. This builds on recent field (e.g. Harman et al. 

1989; Sauer and Lipinski 1990) and captive studies (e.g. Lewis and Choat 1993; Wada and 

Kobayashi 1995; Maxwell and Hanlon 2000) that suggested that single event, terminal spawning 

was not a ubiquitous reproductive strategy among coleiod cephalopods (Coelho et al. 1994; Gabr 

et al. 1998).  

 

Size-at-maturity, percentage of body-weight invested in female reproductive organs and the 

number of oviducal eggs found in mature females varied among seasons and localities. Such 

variability was probably a function of divergent environmental conditions, such as water 

temperature and food availability, experienced by individual animals. This variability is 

consistent with an opportunistic life cycle (Moltschaniwskyj and Semmens 2000) and allows 

individuals to quickly adapt to changes in the environment, which is in keeping with individuals 

from Tasmania and Newcastle (Pecl 2001), as well as other loliginids like Photololigo spp. 

(Moltschaniwskyj 1995) and Loligo pealei (Maxwell and Hanlon 2000).  



Chapter 8  General Discussion 

 180

8.1.5 Patterns of Recruitment  

The temporal and spatial distribution of spawning activity across Gulf St. Vincent conformed to 

the seasonal variation in distribution and abundance of the spawning adults. There was typically 

a peak at Myponga in spring and then proceeded in an anticlockwise direction around the gulf 

until egg deposition occurred at Stansbury in the subsequent winter.  

 

Laboratory trials showed that the development of southern calamary eggs was retarded and 

mortality enhanced at temperatures above 24ºC. Development was also likely to be retarded at 

temperatures below 12ºC, a feature common to other loliginids (Augustyn 1989 cited in Sauer et 

al. 1992). The physiological intolerance of southern calamary to high and low water 

temperatures probably explains why there no signs of egg deposition in the northern regions of 

the gulf during summer, when water temperatures reached as high as 25.9ºC, or in the southern 

and eastern regions of the gulf during winter, when water temperature dropped to as low as 11ºC 

(de Silva Sawansingh and Lennon 1987). Minimum and maximum temperatures of most regions 

in Gulf St. Vincent were, however, within the physiological temperature range of southern 

calamary eggs (i.e. 13-23ºC). Water temperature alone, therefore, could not account for the 

seasonal population abundances and egg deposition activity at different localities.  

 

Since the abundance of both eggs and adults were highest at times and places where water clarity 

was high and lowest when water clarity was poor, it was possible that the systematic pattern of 

spawning activity and adult abundance was related to seasonal variation in water clarity. Based 

on these observations, it is speculated that the sequential pattern around Gulf St. Vincent in egg 

abundances is a consequence of the timing of environmental conditions that were conducive to 

mating and spawning behaviour (i.e. high water clarity and temperatures between 13-23ºC). This 

would also explain why an order of magnitude fewer eggs were counted at Stansbury and Black 

Point than Myponga or Glenelg, because the east coast of Gulf St. Vincent experienced more 

days of high water clarity than the west coast.  

 

Annual fluctuations in the numbers of eggs were observed at each locality. There appeared to be 

a link to annual changes in the number of mating pairs available for egg deposition. When 

fishing effort in the commercial jig sector increased, so did the catch. The higher catch left fewer 

mating pairs, which resulted in a concomitant reduction in eggs deposited.  
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Egg surveys and the back-calculation of hatching dates both indicated that spawning occurred 

throughout the year. This provided a constant supply of recruits in Gulf St. Vincent, although 

seasonally variable in abundance. Such a spawning strategy, in association with variable growth 

rates, tends to reduce the probability of large inter-annual changes in population size (Boyle and 

Boletzky 1996). Consequently, this might be a bet-hedging mechanism that reduces the risk of 

recruitment failure. 

 

8.2 Life-history model for southern calamary in Gulf St. Vincent 

From the empirical results of this study, I have developed a life-history model that accounts for 

the spatial and temporal interaction in population biology processes (Fig. 8.1). Egg deposition is 

thought to occur throughout the shallow coastal waters throughout the year, with the largest 

numbers deposited in the southeast during spring and summer. Egg development takes between 

3-7 weeks, depending on water temperature. Newly-hatched individuals remain on the spawning 

grounds until they are approximately 25-30 mm DML (~60 days old), when they migrate 

offshore into deeper waters. They remain offshore until they are approaching sexual maturity, 

when they migrate back to the shallow coastal waters where they form large aggregations to 

mate and deposit eggs. On average, females are about 220 days old and males 200 days old 

when they undertake this inshore migration, but this varies according to locality and season of 

hatching. The numbers of eggs deposited and sizes of the catch indicate that the sizes of the 

aggregations on the east coast are an order of magnitude larger than those on the west coast. The 

inshore destination of these individuals is thought to depend on water temperature and clarity. 

Individuals remain on the spawning grounds for up to a few months (Triantafillos, unpublished 

data). During this period, females may deposit more than one batch of eggs. Longevity is less 

than one year. Finally, as only 3 spent females were ever found on the spawning grounds, it is 

suggested that they migrate elsewhere to die. Where this occurs remains unknown.  
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Figure 8.1  Conceptual representation of the different life-history processes by southern calamary in Gulf St. Vincent 

during autumn and spring. 



Chapter 8  General Discussion 

 183

8.2.1 Testing the model 

The trawl survey done in Gulf St. Vincent during May 2001 provided an opportunity to test the 

proposed life-history model (Fig. 8.1). If this model was an accurate representation of the life-

history of southern calamary in this gulf, then the following patterns in relative biomass, sexual 

maturity and size distribution should be immediately apparent from a once-off survey done 

throughout the gulf at this time of the year: 

1. the deeper, offshore waters should be dominated by small, sexually immature 

individuals; 

2. most sexually mature southern calamary found at this time should be near the inshore 

waters of Northern Gulf St. Vincent, where egg deposition activity peaks at this time of 

the year;  

3. any large mature southern calamary found offshore, should be heading inshore towards 

Northern Gulf St. Vincent; 

4. individuals ranging in size between 20-30 mm DML should be concentrated near the 

shallow waters of Glenelg. Such individuals would be ~60 days old and would have 

originated from spawning activity in February or March, when egg deposition was 

highest at Glenelg.  

 

To investigate whether or not these patterns were apparent, each individual caught during the 

trawling survey was assigned a macroscopic maturity stage based on the criteria of Chapter 6 

and their DML was converted to weight using the equation Weight = 0.0004 ⌡ DML2.53. This 

equation was derived from the length-weight relationship of all individuals (n = 8007) caught 

before this trawling survey.  

 

To test the first prediction, the size distribution and maturity status of individuals from the 

offshore waters (>20 m) was analysed and compared with those found inshore, i.e. in waters <20 

m in depth. This analysis showed that the inshore waters had a tri-modal size distribution with 

one mode at 30-40 mm DML, another at 100 mm DML and a third at 170 mm DML (Fig. 8.2). 

Many of the individuals found inshore were sexually mature. In comparison, the offshore waters 

had a unimodal size distribution around the mode of 60-90 mm DML and only a few individuals 

showed any signs of maturity. The large number of small, sexually immature southern calamary 

in the deeper waters of the gulf was, therefore, consistent with the first prediction.  
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Figure 8.2  Map of Gulf St. Vincent showing the biomass of southern calamary caught in 120 trawls done in May 

2001. Also shows the length-frequency and proportion of southern calamary in various maturity stages taken in 

several areas.  
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To test the second prediction, the relative biomass of all trawl shots were plotted and compared 

spatially (Fig. 8.2). This revealed that the relative biomass of southern calamary increased in a 

northerly direction, with the highest levels found in Northern Gulf St. Vincent within Area 1. As 

this area accounted for less than 10% of all individuals caught, it denoted that the high biomass 

found here was not due to a large number of individuals, but to the presence of numerous large, 

heavy individuals. The breakdown of individuals into the various maturity stages supported this, 

as over one quarter of the 163 individuals caught in Area 1 were sexually mature, which was 

significantly higher than elsewhere in the gulf at the time. These results were supportive of the 

second prediction. 

 

Numerous sexually mature individuals were also found in Area 2, in waters deeper than 20 m 

(Fig. 8.2). The most likely explanation for this is that they had only recently matured, and 

commenced migration to shallow waters. If this were true, then their current distribution in 

Northern Gulf St. Vincent would support the third prediction.  

 

To test the validity of the fourth prediction, the size distribution of southern calamary in the 

shallow waters near Glenelg (Area 3) and the remainder of the gulf were compared with these of 

the deeper waters (>20 m). This comparison revealed that the vast majority of individuals that 

were between 20-30 mm DML were taken in Area 3 (Fig. 8.2), which is consistent with the 

fourth prediction.  

 

The patterns of relative biomass, sexual maturity and size distribution were consistent with the 4 

nominated predictions and therefore supported the proposed life-history model.  
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8.2.2 Life-history characteristics  

Southern calamary displayed a combination of characteristics that were consistent with the R- 

and K-strategies proposed by MacArthur and Wilson (1967). R-strategy characteristics included 

high growth rates, monocyclic reproduction, and a short life span. K-strategy characteristics 

included a relatively large egg size (>7 mm in diameter), embryogenesis in well-protected 

gelatinous egg mass and the ability to swim immediately after hatching (Zeidler and Norris 

1989). These latter characteristics suggest that the survival rate of the early life-history stages 

was relatively high. Southern calamary also had several characteristics that reduced the risk of 

mortality during the latter stages of life, including morphological adaptations for escaping 

predators and large body dimensions (Hanlon and Messenger 1996). In addition, the occurrence 

of cannibalism (Triantafillos, unpublished data) ensured that the genetic material essential for 

stock replenishment survived to the next generation, when food became more limiting in an 

uncertain environment (O’Dor 1998). Such characteristics were thought to allow southern 

calamary to quickly adapt to fluctuations in physical and biological conditions (Stearns 1992). 

Despite this, if a spawning season season of low recruitment coincided with high fishing 

pressure, then there is the potential to remove all spawning adults before they have opportunity 

to spawn and contribute to future recruitment. The combination of high fishing pressure and the 

unpredictability of recruitment already underlie the recorded collapses of several squid fisheries 

(Dawe and Warren 1993). Exacerbating the risk of stock collapse of southern calamary stocks 

were the following factors: 

• fishers from both the commercial and recreational sectors targeted reproductively mature 

individuals as they aggregated to spawn in easily accessible, shallow, inshore waters; 

• since females were likely to deposit more than one batch of eggs, their capture before 

they could complete egg deposition could affect the magnitude of future recruitment;  

• an estimated large number of juveniles were removed by prawn trawlers each year;  

• they did not have a buffer against inter-annual fluctuations in recruitment provided by 

the presence of a number of reproducing year classes; 

• fishing effort can escalate over a relatively short period due to the large latent effort in 

the commercial fishery and the rapidly increasing recreational fishery (Triantafillos 

1997; 1998;1999); 

• high interannual variability in recruitment made southern calamary vulnerable to 

recruitment failure and subsequent stock collapse every year. 
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8.3 Management of southern calamary stocks 

In South Australia, southern calamary are managed as part of the Marine Scalefish fishery 

(MSF). Currently, this fishery is primarily managed by input controls, through licence limitation 

(Jones et al. 1990). Additional input controls, such as gear restrictions and both seasonal and 

spatial closures apply specifically to the haul net sector of the MSF (Jones et al. 1990). In 

September 1995, a recreational bag and boat limit was introduced, primarily as a means for 

capping recreational fishing effort and restricting unlawful sales of southern calamary 

(Triantafillos 1997).  

 

This management strategy is totally reliant on fishery-dependent CPUE data to detect any 

collapses of stocks. Time-delays associated with collecting, collating and analysing these data, 

combined with the short lifespan of this species means that there will be no warning of 

impending stock collapse, and no opportunity to adjust fishing strategy during the lifetime of any 

one cohort (Bravo de Laguna 1989). For this reason, there is considerable risk associated with 

this strategy, particularly over the long-term. This risk is exacerbated by signs of localised 

depletion in several important spawning grounds, which indicate that some stocks are under 

stress (Triantafillos 1998; 1999). When these depletions are considered in combination with the 

factors mentioned in the previous section, there is a need for a more stringent management 

strategy that will allow the sustainable production of this economically and ecologically valuable 

resource over time.  
 
Designing a new set of constraints on fishing activity would be simplified with the aid of a stock 

assessment model, which can be used to explore the potential stock responses to various 

exploitation strategies (i.e. different restraints set at different levels) under different assumptions 

of stock size and productivity (Gulland 1983; Hilborn and Walters 1992; King 1995; Quinn and 

Deriso 1999). Unfortunately, no such model is currently available for this species. For this 

reason, the most tractable management strategy for the southern calamary fishery would be to 

use restraints that do not require a stock assessment model (Perry et al. 1999). Two restraints 

satisfy this criterion for southern calamary, namely size limits and closures. The first of these is 

not ideally suited to southern calamary because the probability of animals surviving after being 

captured, measured and returned to the sea by fishers is likely to be small given their soft, fragile 

bodies. Consequently, the only regulatory measure available to management, where there are 

sufficient data to predict the effect on future catches and recruitment of southern calamary is the 

implementation of universal closures. 
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Closures shield a portion of the population from exploitation, which theoretically, has the ability 

to provide resilience to overexploitation, which in turn, reduces the risk of stock collapse, as 

long as there is no poaching (Guénette et al. 1998). They are ideally suited to species that 

aggregate in predictable places and times. Thus, closures seem ideal for southern calamary, 

which aggregate at least twice through their lives, on the nursery and the spawning grounds.  

 

Introducing a fishing closure on the main spawning grounds in the south-east part of Gulf St. 

Vincent during early-spring for a short period (e.g. 3-4 weeks) would allow mature animals to 

mate without interference, and likely increase recruitment in two ways: (1) the reproductive 

potential (eggs per recruit) of the whole population increases because there are more large 

females; and (2) chances of successful mating increases because of the higher density of mature 

individuals.  

 

The foremost argument against the use of closures as a management strategy is the initial loss of 

catch, due to the prohibition of fishing. However, a variety of analytical and simulation models 

have shown that properly designed reserves can simultaneously protect stock and allow for 

greater exploitation outside the reserve, leading to a higher long-term catch (Alcala and Russ 

1990; Lauck et al. 1998). Furthermore, the results of previous tagging studies indicated that most 

adults did not move much once they had reached the spawning grounds (Smith 1983; 

Triantafillos 1998). Consequently, most individuals would be available for capture once the 

closure had ended.  

 

Even when closures result in a decrease in long-term catch, any measure that provides a buffer 

against stochasticity and unforeseeable events such as recruitment failures is worth considering. 

Such features may explain why the establishment of closures or spatial reserves are receiving 

renewed attention, and have recently been implemented into the Tasmanian southern calamary 

fishery (Jordan and Lyle 2000) and the chokka squid fishery of South Africa (Sauer 1995; 

Attwood et al. 1997).  

 

From a management perspective, perhaps the most desirable long-term strategy for ensuring the 

viability and economically efficient utilisation of an annual species like southern calamary is to 

have an idea of the strength of each recruitment year before it enters the fishery, i.e. a pre-recruit 

index (Caddy 1983; Augustyn et al. 1992). Pre-recruit indices allow fishery managers to make 

informed decisions on the design of the harvesting strategy before fishing begins. For instance, 
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when poor landings are predicted, managers can adopt a conservative harvesting strategy (e.g. 

introduce seasonal and spatial closures) to reduce the risk of overexploitation. This would also 

allow fishers in the marine scalefish fishery to avoid over-allocating labour and capital to the 

southern calamary fishery and to target other species. On the other hand, a less conservative 

strategy can be employed in years of exceptional landings.  

 

Pre-recruit indices are currently been used with success in several well-understood and high-

value cephalopod fisheries such as Illex argentinus from Argentina (Beddington et al. 1990) and 

Todarodes pacificus from Japan (Murata et al. 1989). One potential pre-recruit index for 

southern calamary could be the number of eggs deposited in the local area, whilst another is the 

number of juveniles caught as by-catch of prawn trawlers or during scientific surveys. Of these 

two potential indices, the latter is likely to be more accurate because there is less time between 

time of capture and recruitment to the fishery.  
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